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I. GENERAL INTRODUCTION
From 1845 onwards evidence has accumulated that stim­
ulation of some peripheral nerves resulted in depression of organ 
activity: first the Weber brothers (1845) observed the vagal in­
hibition of the heart. Twenty years later Pflifeer (1865) demon­
strated the inhibition of intestinal movements. After a further 
twenty years peripheral inhibition in invertebrates was discovered 
(Pavlov, 1885; Biedermann, 1887).
Sechenov (1863, 1882) was the first to describe central 
inhibitory actions. Soon the existence of inhibitory processes at 
all levels of the vertebrate central nervous system became firmly 
established (von Cycn, 1865; Hering, 1868; Breuer, 1868; Bubnoff 
and Heidenhain, 1881; Sherrington, 1897)• At the turn of the cen­
tury Sherrington (1900, 1906) considered inhibition to be as 
important as excitation in the integrative functioning of the ner­
vous system (cf. also Sherrington, 1925, 1933; Creed, Denny-Brown, 
Eccles, Liddell and Sherrington, 1932).
Meanwhile several theories of central inhibition had been 
developed (Hering, 1872; Gaskell, 1882; Wedensky, 1903; MacDonald, 
1905; Lucas, 1917; Forbes, 1922; Adrian, 1924; Gasser, 1937). How­
ever up to 1941 it had not been established that there were purely 
inhibitory synaptic actions in the mammalian central nervous system. 
It was widely held that inhibition was merely due to depression 
following excitation (Gasser, 1937) although it had been shown by 
reflex tests that inhibition can exist independently from excitation
-  2 -
(Eccles and Sherrington, 1931; Creed et al. 1932).
In 1941 two discoveries strongly supported the view that 
inhibition was an active process, independent and quite different 
from post-excitatory depression: Renshaw (1941, 1946a) showed that
the recurrent inhibition produced by antidromic stimulation of 
motor axons was exerted on motoneurones not previously excited by 
the antidromic stimulation; and Lloyd (1941, 1946a,b) demonstrated 
that monosynaptic reflexes were inhibited b;^6onditioning afferent 
volleys. Only one electrical hypothesis had been put forward to 
explain the mechanism of this "directn inhibition (Brooks and 
Eccles, 1947) before Brock, Coombs and Eccles (1951, 1952) found 
with intracellular recording from motoneurones that "direct" inhib­
ition was, in all probability, brought about by release of a chem­
ical transmitter fron presynaptic nerve terminals, causing a 
conductance and potential charge of the post synaptic membrane. This 
type of inhibition became known as "postsynaptic inhibition" and has 
been widely accepted as a satisfactory explanation for a wide variety 
of central inhibitory phenomena (see the following reviews: Eccles,
1957, 1959, 1961a,b; Fessard, 1959, 1960; Kuffler, 1959; Jasper, 
1960; Frank and Fuortes, 1961; Lloyd, 1961; Terzuolo and Edwards, 
1962) .
There were, however, also many indications in the litera­
ture which pointed to a presynaptic site of some depressant action 
on nerve cells (Barron and Matthews, 1935a,b; 1938a; Renshaw, 1946b; 
Brooks, Eccles and Malcolm, 1948; McCulloch, Lettvin, Pitts and Dell, 
1952; Howland, Lettvin, McCulloch, Pitts and Wall, 1955; McCouch and
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Austin , 1958)• However, in most instances the depression seemed to 
occur only as a consequence of a lowered excitability of previously 
excited elements and did not seem to fulfil the criteria postulated 
for an active inhibitory process (Eccles, 195?, p. 97)*
More recently, Frank and Fuortes (1957, cf. also Frank,
1959) described a depression of monosynaptic excitatory potentials 
(EPSPs) that occurred in the absence of any postsynaptic membrane 
potential change. Two alternative explanations were offered for this 
finding: either the postsynaptic inhibitory changes take place far
out on the dendrites of the motoneurone and cannot be "seen” by the 
intracellular raicroelectrode, or the inhibitory nerve impulses inter­
acted with the excitatory volley before the latter had arrived at the 
surface of the motoneurone and blocked transmission in the terminal 
fibre. Strong evidence has meanwhile accumulated in favour of 
another version of the second hypothesis, i.e. that the depression of 
the monosynaptic EPSP is due to a depolarization of the presynaptic 
teiminals of the primaiy afferent fibres thus reducing their trans­
mitter output. Furthermore, it was postulated that the depolarization 
is brought about by a chemical transmitter substance released from 
synaptic nerve endings impinging upon the terminals of the primary 
afferent fibres. This type of inhibition has therefore been termed 
"presynaptic inhibition" (Eccles, 1961a,b; Eccles, Eccles and Magni, 
1961; Eccles, Magni and Willis, 1962)• A comparable presynaptic in­
hibitory mechanism seems to operate in peripheral junctions of inver­
tebrates (Pudel and Kuffler, 1960, 1961; Tauc, I960).
The depolarization of muscle afferent fibres has meanwhile
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been investigated in detail both in the hind and in the forelimb of 
the cat. No topographical pattern could be found in either limb, 
but there was a distinctively different organization of the primary 
afferent depolarization (PAD) of Group la and lb muscle afferent 
fibres: the PAD of Group la fibres is almost entirely produced by 
Group la and lb volleys from flexor muscles, whereas the PAD of Group 
lb fibres is almost exclusively generated by Group lb volleys from 
both flexor and extensor muscles (Eccles, Schmidt and Willis, 1962a, 
b, 1963b,c; Schmidt and Willis, 1962a).
A third system of PAD, that of ciitaneous afferent fibres, 
will be described in the beginning of this thesis (section III A) 
and it will be demonstrated that the depolarization is accompanied 
by appreciable inhibitory actions (section III B)• The next section 
(IV) will be devoted to a study of the central pathways involved in 
the production of PAD both in muscle and cutaneous afferent fibres. 
The last section of the results describes an endeavour to clarify the 
properties of the presynaptic inhibitory synapse (V A), including its 
pharmacology (V B)» Finally the pharmacological studies on presynap­
tic inhibition in the spinal cord of the cat will be compared with 
results of pharmacological experiments on the PAD in the isolated 
henisected toad spinal cord (V C) .
I I .  METED DS
A . PREPARATIONS
( l)  Lumbosacral Spinal Cord o f  C ats. For th ese  experiments
ca ts  o f both sexes weighing 2*0 to 3 .5  kg were used. As a rule the  
animals were an aesth etized  w ith  pentobarbital sodium (Nembutal, 
i n i t i a l  dose 40 mg/kg in tra p er ito n ea lly , w ith supplemental doses 
intravenously as req u ired ). For pharmacological stu d ies the cats  
were decerbrated  during an i n i t i a l  ether a n esth esia . Both common 
ca ro tid  a r te r ie s  were lig a te d  and any hemorrhage during the opera­
t io n  was co n tro lled  by temporal occlu sion  o f the verteb ra l a r te r ie s .  
Decerebrat:on was done by in te r c o llic u la r  sec tio n  and the brain  
r o s tr a l to the sec tio n  was removed.
A fter the carefu l d is se c t io n  o f  the required peripheral
nerves ( l e f t  hind limb) and laminectomy from to  segments, the
dura was opened and the cord transected  at L . The ip s i la t e r a l
v en tra l roo ts  o f L^, and segment were c u t. The animal was then
suspended r ig id ly  in  a heavy metal frame by clemps on the p e lv ic  bone
on the body o f  the L- vertebra and by sid e clamps in  the L. region*
1 6
Both th e cord and leg  regions were covered by warmed m ineral o i l  
contained in  pools formed by skin  f la p s .  The d is sec te d  nerves were 
mounted on pairs o f platinum e lectrod es fo r  stim ulation  and record­
in g . The temperature o f the c a t 's  body and o f the o i l  p o d s  could 
be kept by a therm istor con tro lled  feedback c ir c u it  at any desired  
le v e l  between 30° and 40° C (normally at 36 -  38°C) *
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Dorsal rootlets for recording dorsal root potentials were 
dissected with the aid of a binocular dissecting microscope. The 
peripheral end of a rootlet was severed, and it was freed from pia- 
arachnoid up to its entiy into the spinal cord. Ifcst rootlets were 
dissected out of the middle of dorsal root. In some experiments 
the dorsolateral funiculus was prepared for monophasic recording by 
transecting the spinal cord at the level and then stripping off 
the dorsal columns to mid-L^ level. The dorsolateral funiculus 
could then be dissected off the remainder of the cord from to 
levels and lifted on to recording electrodes, one just beyond its 
origin from the cord and the other on its severed rostral end (see 
Laporte, Lundberg and Oscarsson, 1956)•
(2) Cervical Spinal Cord of Cats. The cervical spinal cord
was exposed by a laminectomy from the 3rd cervical to the 1st 
thoracic vertebrae. The ventral roots of C^ to T. segments were 
either cut or ligated. The shortness of the ventral roots and their 
proximity to venous sinuses required careful dissection to give suf­
ficient exposure. The spinal cord was not severed in the upper 
cervical level, because recording conditions often deteriorated 
rapidly when this was done in preliminary experiments. Despite this, 
good fixation was obtained by clamping the spinous processes of the 
2nd cervical and of the 2nd and 3rd thoracic vertebrae and stretching 
the vertebral column between the clamps. In addition, side clamps 
were applied just dorsal to the transverse processes of the 7th and 
8th cervical vertebrae. Otherwise the experimental arrangement was 
similar to that described for the lumbosacral preparation. Peripheral
- 7 -
nerves of the right forelimb were dissected and mounted on elec­
trodes in a pool of warmed paraffin oil» Sufficient access to the 
nerves was obtained by the removal of the triceps muscles.
(3) Isolated Hemisected Spinal Cord of Toads. The lumbar
segments of the spinal cord of the Queensland toad Bufo marinus 
were used in all experiments of this type. The toads were chilled 
in ice for 30 min to 1 hour (depending on their size) until all 
withdrawal responses of the hind limb to noxious stimuli had disap­
peared. The spinal cord was then removed, hemisected sagitally and 
freed from connective tissue in an oxygenated Ringer bath at 1D°C 
and finally transferred to a trough of snail capacity. With the 
preparation in position only 0.1 to 0*15 ml fluid were required to 
fill the bath and cover the preparation. This bath was perfused 
with Ringer solution of the following composition (in mM): NaCl 100, 
EC1 2.5, Na2HP04 2.5, NaH^K)4 0*45, CaCl^ 1.9, NaHOO^ 12, glucose 5. 
This solution was equilibrated with a mixture of 95$ oxygen and 5$ 
carbon dioxide and its p was 7.4, Ringer and test solutions weren
delivered into the bath at a constant rate of 1.5 - 3 ml/min after 
being cooled to 13 - 15 C. The temperature of the preparation was 
monitored by a thermistor.
The dorsal and ventral roots of the 8th and 9th spinal 
segment were lifted onto pairs of silver-silver-chloride or platin­
um electrodes (electrode distance usually 8-12 mm) and then 
covered with a semi-liquid mixture of paraffin oil and petroleum 
jelly to prevent them from diying.
The substances to be tested were dissolved in Ringer
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solution and the p readjusted to 7.4, where necessary, with NH
sodium hydroxide or N hydrochloric acid. Since the total capacity 
of the hath was very small it took only some 3 - 6 sec after switch­
ing to the test solution to replace the normal Ringer solution and 
vice versa.
B. RECORDING AND STIMULATING TECHNIQUES
(1) Equipment. Conventional stimulating and recording equip­
ment has been used for these experiments which has been described 
in various reports from this laboratory (Brock, Coombs and Eccles, 
1952; Bradley and Eccles, 1S53; Eccles, Fatt^andgren and Winsbury, 
1954; Coombs, Eccles and Fatt, 1955a; Eccles and Krnjevic, 1959a; 
Eccles, Magni and Willis, 1962; Eccles, Kbstyuk and Schmidt, 1962b). 
For the fast and convenient measurement of asynchronous impulse dis­
charges, such as the flexor reflex, the tract discharges in the 
dorsolateral funiculus and the prolonged reflex discharge in ventral 
roots of isolated toad spinal cords, an electronic integrator was 
designed by Mr. J. S. Coombs.
(2) Recording and testing techniques. Intracellular recording 
from primary afferent fibres, interneurones and motoneurones was
done with glass microelectrodes pulled to a fine tip by the instrument 
described by Winsbury (1956) . They were filled with 3 M KC1 and their 
resistance varied between 5 - 1 5  MXL« The tips of the microelectrodes 
were inspected before use with a water immersion microscope.
Glass microelectrodes prepared similarly but filled with 
4 M NaCl and with a resistance of 1 - 2 Mil were employed to record
mm Q mm
spinal cord field potentials or to stimulate primary afferent fibres 
within the spinal cord. The latter technique was used extensively to 
assess excitability changes of primary afferent fibres and is des­
cribed in detail in the text.
The time constants of the amplifiers recordirg slow poten­
tial charges (e.g. the dorsal root potential) were not less than 1 
sec. When recordings from dorsal roots of toad spinal cords were 
made the time constant was not shorter than 10 sec. Control experi­
ments with dc recording showed that no appreciable distortion was 
introduced when these time constants were used.
Some less frequently used techniques, like the polarization 
of the spinal cord by electrical current and the topical application 
of drugs to the cat spinal cord, will be described at the appropriate 
places in the text.
C. ABBREVIATIONS
It has been proved convenient to introduce abbreviations 
for the most commonly used expressions. For easy reference they are 
listed in three groups: names of peripheral nerves, names of various
types of fibres and neurones and names of the electrical potential 
changes recorded from the nervous system,
(1) Peripheral Nerves
TypeHindlimb Cutaneous and Mixed Nerves
Sural
Superficial peroneal 
Plantar
cutaneous
mixed
Abbreviation
SU
SP
PT
10
Eindlim b F lex o r Nerves Jo in t of A ction A b b rev ia tio n
P o s te r io r  b icep s knee PB
Sem itenjidinosus knee ST
These two combined PEST
P ero n e i-d eep  peroneal an k le  & d i g i t s PDP
Hindlimb E x ten so r Nerves J o in t  of A c tio n A b b rev ia tio n
Semimanb ran o su s-an t e r io r  
b icep s h ip SMAB
Q uadriceps knee Q
G astro cnem iu s -  s o l eus ankle GS
P la n ta r is it PI
F lex o r d ig ito rum  and 
h a l lu c is  longus an k le  & d ig i t s FDHL
Forelim b F lex o r Nerve
D orsal in te ro sse o u s w r is t  Sc d ig i t s LI
Forelim b E xtensor Nerve
T ricep s  longus (head of 
t r i c e p s  b ra c h ii) elbow TLO
Forelim b Cutaneous and 
Mixed Nerves
S u p e r f ic ia l  r a d ia l cu tan . SR
Median mixed M o r  ME
U lnar »I U o r UL
(ME and UL i s  used in  some F ig s , only) .
(2) F ib res  and C e l ls « The a f fe re n t  f ib r e s  from m uscles were
d iv id ed  in to  Group I ,  I I  and I I I  a s  d e fin e d  by Lloyd and Chang (1948) 
and by Hunt and P e r l  (i960) • A, B and C ty p es  in te rn e u ro n e s  were
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identified by their monosynaptic activation (Eccles, Eccles and
Lundberg, I960) .
(3) Potentials and Other Abbreviations
Excitatory postsynaptic potential EPSP
Inhibitory postsynaptic potential IPSP
Dorsal root potential DRP
Dorsal root potential evoked by ventral root 
stimulation (in the toad spinal cord) VR-DRP
Dorsal root reflex DRR
Positive cord dorsum field potential P-wave
Primary afferent depolarization PAD
After-depolarization ADP
After-hyperpolarization AHP
Mass discharge from the ventral roots of 
toad spinal cords VRR
Post-tetanic-potentiation PTP
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III. PRESYNA.PTIC INHIBITION OF CUTANEOUS 
AFFERENT FIBRES
A. PRIMARY AFFERENT DEPOLARIZATION OF CUTANEOUS 
AFFERENT FIBRES.
(l) Introduction. Intracellular recording from primary
afferent fibres in the dorsal horn of the spinal cord is the only 
direct method for measuring potential changes which occur across 
the membrane of these fibres either during their own activation or 
during the activation of other primary afferent fibres. This tech­
nique has been used in attempts to clarify the nature of the dorsal 
root potential (Kbketsu, 1956a,b; Eccles and Kmjevi^, 1959a) •
These authors agreed that the dorsal root potential (bRP) is gener­
ated by an active depolarization (henceforth called "primary affer­
ent depolarization" or PAD) of the afferent fibres near their 
terminal^And that electrotonic spread carries the depolarization out 
in the dorsal root.
There is, however, only incomplete intracellular evidence 
relating to the types of afferent volleys which produce PAD in cutan­
eous fibres. In one of the experiments (Koketsu, 1956a) no identi­
fication of the types of afferent fibres impaled was possible since 
dorsal roots were used for stimulation. In the other two experiments 
it was found that cutaneous afferent fibres receive their PAD mainly 
or exclusively (Kbketsu, 1956b) from cutaneous volleys although some 
depolarization by muscle afferent volleys was occasionally observed 
(Eccles and Krnjevic/, 1959a) .
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The results of the intracellular recording reported below 
considerably extend these earlier observations and demonstrate that 
cutaneous afferent fibres receive PAD not only from cutaneous affer­
ent volleys but also, to a lesser extent, from various types of 
muscle afferent volleys. These results are supplemented by testing 
the excitability changes of the fibres during the PAD, by studying 
the DRPs, and by recording the positive potential wave (P-wave) on 
the surface of the cord, which accompanies the PAD. It will be shown 
that the results of these different procedures are in complete agree­
ment with each other.
(2) Primary Afferent Depolarization of Cutaneous Afferent
Fibres in the Lumbar Spinal Cord. In Fig. 1 a glass-microelectrode 
was inserted into a fibre which was then identified as belonging to 
the SU nerve by the brief latency spike shown in the upper right- 
hand comer. The three traces in all other records show from above 
downwards: the intracellularly recorded slow potentials (depolariza­
tion upwards), the extracellularly recorded field potentials and the 
cord dorsum potentials (positivity upwards)• The cord dorsum poten­
tials are slightly distorted by a short time constant amplifier. The 
extracellularly recorded field potentials were taken just after with­
drawal from the fibre and have to be subtracted from the intracellular 
potentials in order to obtain the actual trans-membrane potential 
changes. Stimulation of the cutaneous nerves SP, PT and SU (first 
row in Fig. l) produced powerful depolarizations of very similar 
size and time course. The Group I volleys from all of the four muscle 
nerves (second row) also produced an appreciable depolarization, but
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short tetanic stimulations were used to generate these PADs. When 
the stimuli were increased so as to excite all of Group II and some 
of the Group III fibres (third row), there was a considerably larger 
depolarization. Similar records have been regularly obtained from 
cutaneous fibres of all three cutaneous nerves investigated and 
Table 1 summarizes the results of 32 different impalements. The 
mean depolarizations produced in each of the cutaneous nerves by the 
various afferent volleys were pooled, the figures in parentheses 
indicating the number of fibres studied for each situation. Muscle 
nerves were stimulated four times (at 220 or 300/sec) at maximum 
Group I strength and at a stimulus strergth which would have excited 
all of the Group II and some or most of the Group III fibres. Cut­
aneous nerves including the mixed nerve, PT, were stimulated once 
with a strength four times threshold so as to include all of the 
alpha group (Hunt and McIntyre, I960). Fibres with resting and 
action potentials less than 33 mV were rejected, as were fibres of 
the PT that could not be identified as cutaneous. The Table confirms 
the findings demonstrated in Fig. 1: in the production of PAD of
cutaneous fibres a single cutaneous afferent volley is more than twice 
as effective as four Group I or II afferent volleys in ary muscle 
nerve.
A less direct, although very discriminative, method of 
exploring PAD is testing the excitability of the primary afferent 
fibres by stimulating them in the dorsal horn and recording the anti- 
dromically conducted spike potentials in the peripheral nerve (Wall, 
McCulloch, Lettvin and Pitts, 1956; Wall, 1958). A typical example
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is illustrated in Fig. 2. A low resistance glass-microelectrode 
( 1 - 2  megohms) filled with 4 M NaCl was inserted into the region of 
the intermediate nucleus to a depth of 1.5 mm from the cord dorsum. 
Brief square pulses of current from a stimulus isolation unit were 
delivered through the microelectrode to an indifferent electrode 
stimulating the primary afferent fibres (and presumably other excit­
able structures) near the microelectrode. The antidromic spikes of 
the fast conducting alpha fibres produced a synchronous monophasic 
potential in the cutaneous nerve so that the amplitude of this 
potential was approximately equal to the number of excited fibres.
The antidromic spikes produced in the SP nerve by stimuli 
of various strength are shown in the upper row of the specimen 
records (CALIB) in Fig. 2. Such a series ensures that a rather uni­
formly increasirg population of fibres is stimulated and serves as a 
calibration for the calculation of excitability charges (see below). 
In the second row the stimulus strength was kept constant at 90 V 
and there were superimposed an unconditioned control record and a
record which was preceded by four shocks of maximal Group I strength
the
in six different muscle nerves (s. symbols). Evidently,/oonditioned 
antidromic spike was in nearly all records slightly larger than the 
control spike. The conditioning muscle volleys made the population 
of afferent fibres surrounding the microelectrode more excitable so 
that a given stimulus strength fired a greater number. This change 
in excitability is still more obvious in the third set of specimen 
records where the stimulus was kept constant at 75 volts and the con­
ditioning was by a single PT volley of four times threshold at the
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various intervals indicated on each record, CON is the unconditioned 
control value,
A measure of the degree of change in excitability can be 
obtained by the ratio of the stimulus strength to produce a spike of 
a given amplitude with and without conditioning (cf, Graham and 
Lorente de No, 1938; Rudin and Eisenman, 1953, 1954a), This procedure 
has been used for plotting the curves in Fig, 2 for three different 
types of conditioning volleys, as indicated by the symbols. The time 
course of the excitability charges is seen to follow closely the time 
course of the intracellular potential changes demonstrated in Fig. 1. 
Furthermore, Fig. 2 shows again that cutaneous afferent volleys are by 
far the most effective in depolarizing afferent fibres and that as a 
general rule flexor afferent volleys are slightly more effective than 
extensor afferent volleys, (cf. Table l) .
A more detailed investigation of the depolarizing influence 
of FBST afferent volleys on SP fibres is illustrated in Fig, 3, The 
FBST nerve exhibited a clear threshold and conduction velocity sep­
aration into la and lb components (Fig-. 3, C and E) . This was used 
to study the types of afferent fibres involved in depolarizing cutan­
eous fibres. The specimen records in A show again the calibration 
series, whereas in B the stimulus strergth was kept constant at 90 V 
and preceded by four PBST volleys of various strength (indicated on 
each specimen record) at a fixed interval of 35 msec. The excita­
bility changes are plotted against strength of stimulation of the 
PBST nerve in D. Comparison of D with E shows that there is practic­
ally no excitability change even when all of the Group la fibres are
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excited. There is, however, a close correlation between the excita­
bility increase and the number of lb fibres stimulated. There have 
been several other occasions when it was possible to condition a 
population of cutaneous afferent fibres with afferent volleys which 
could be separated into la and lb components. Invariably it was 
found that only the Group lb fibres produced any appreciable depol­
arization in cutaneous fibres.
The recording of the PAD after electrotonic spread into a 
dorsal root or rootlet, the dorsal root potential, is the simplest 
way of detecting depolarization of afferent fibres and has been used 
extensively by many woikers (Gotch and Horsley, 1891; Barron and 
Matthews, 1938a,b; Bonnet and Bremer, 1938a,b; Fessard and Matthews, 
1939; Dun, 1941, 1942; Dun and Feng, 1944; Eccles and Malcolm, 1946; 
Lloyd and McIntyre, 1949; Lloyd, 1952; Brooks and Fuortes, 1952; 
Malcolm, 1953; Rudin and Eisenman, 1953, 1954a,b; Eisenman and Rudin, 
1954; Koketsu, 1956a,b; Wall, 1958; Eccles, Magni and Willis, 1962; 
Eccles, Kostyuk and Schmidt, 1962a,b; Eccles, Schmidt and Willis, 
1962b, 1963a,b,c; Schmidt and Willis, 1962b)• This method lacks 
specificity since the types of fibres which are depolarized cannot be 
deteimined. Nevertheless it is a useful tool for many purposes. An 
example is illustrated in Fig. 4s when 1he strength of stimulation 
applied to a SP nerve progressively increased, the DRP likewise in­
creased for strengths up to about four times threshold, but does not 
appreciably alter in time course. Stronger stimulation (increase 
from 4 to 40 T in Fig. 4) does not alter the rising phase, but prod­
uces a small late addition to the summit and declining phase. The
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DRP produced by the high threshold cutaneous fibres is given by the 
difference between the DRPs with stimuli of 4 T and 40 T in Fig. 4, 
Its late onset is at least partly explained by the much longer con­
duction time of the high threshold impulses. Fig. 4 shows further 
that after 150 to 200 msec the DRP reverses to a low positivity, 
which has been designated D R ^  by Lloyd (1952) « This slight hyper- 
polarization is of varying amplitude and duration in different prep­
arations and is sometimes absent. It is also reflected in the 
decreased excitability shown in the plottings of Fig. 2 at intervals 
longer than 200 msec.
(3) Primary Afferent Depolarization of Cutaneous Afferent
Fibres in the Cervical Spinal Cord. Practically all observations on 
the PAD of all types of afferent fibres and of the inhibitory actions 
produced by this depolarization were originally made on the lumbar 
part of the spinal cord of the cat. It was therefore of interest to 
investigate whether similar manifestations of presynaptic inhibition 
could be observed in the cervical spinal cord. In an intracellular 
study of cervical motoneurones Schmidt and Willis (1962a) found that 
muscle afferent volleys depress monosynaptic excitatory postsynaptic 
potentials (EPSPs) by the same presynaptic inhibitory action that 
has been described in the lumbosacral cord. The primaiy afferent 
depolarization produced by muscle and cutaneous afferent volleys in 
the cervical cord was also investigated (Schmidt and Willis, 1962b) 
by recording dorsal root reflexes, DRPs and P-waves and by testing 
the excitability of the primary afferent fibres. Intracellular 
recording from cutaneous fibres of the forelimb will be described in
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th e  s e c t io n  on the  PAD in  the  cuneate  n u c leu s .
The e x c i t a b i l i t y  changes produced in  cutaneous a f f e r e n t  
f i b r e s  o f  th e  SR nerve  o f  th e  fo relim b  by v a rio u s  ty p e s  o f con­
d i t io n in g  v o lle y s  i s  i l l u s t r a t e d  in  F ig . 5 . In  t h i s  experim ent a 
p la tinum  e le c tro d e  w ith  a sm all b a l l  t i p  was p laced  on a  d o rsa l 
r o o t l e t  a t  i t s  e n try  in to  th e  sp in a l c o rd . F ig . 5 A shows specimen 
re c o rd s  o f  th e  sp ik e  p o te n t ia l  ( f i r s t  reco rd ) o r i t s  in te g r a l  
(second to  fo u r th  re co rd s) a f t e r  v a r io u s  s tre n g th s  o f s t im u la tio n  
th ro u g h  th e  b a l l  e le c tro d e , as  in d ic a te d  in  mV above each re c o rd .
In  the  specim en re c o rd s  o f F ig . 5 B th e  s tre n g th  of s t im u la tio n  was 
k e p t c o n s ta n t a t  440 mV, bu t th e  t e s t i r g  stim u lus was preceded a t  th e  
in d ic a te d  in t e r v a l s  by a s in g le  v o lle y  (fo u r tim es th re sh o ld )  in  th e  
U n e rv e , CON being  th e  uncond itioned  c o n tro l  re c o rd . The in c re a se d  
sp ik e  p o te n t ia l s  in  th e  SR nerve show th a t  th e re  was an in c re a s e d  
e x c i t a b i l i t y  which p ro g re s s iv e ly  d e c lin e d  a s  the c o n d itio n in g  i n t e r ­
v a l  in c re a se d  from 35 to  175 msec. The f u l l  tim e course  of th e  in ­
c re a se  i n  e x c i t a b i l i t y  in  th e  SR prim ary a f f e r e n t  f ib r e s  i s  p lo t te d  
in  F ig . 5 C ( f i l l e d  c i r c le s )  • P ercen tages were c a lc u la te d  as 
d e sc rib e d  above. The change in  e x c i t a b i l i ty  was approx im ate ly  the 
same when th e  t e s t i n g  v o lle y  was p receded by a v o lle y  in  th e  M nerve 
(F ig . 5 C, open c i r c l e s ) .  In  b o th  c a se s  th e  e x c i t a b i l i t y  in c re a se  
alm ost a t ta in e d  115% a t  an in te r v a l  of about 30 to  40 msec, and th e re ­
a f t e r  i t  p ro g re s s iv e ly  d e c lin e d  to  re v e rse  to  a s l ig h t  d ep re ss io n  
beyond 250 msec. The specimen reco rd s  o f  F ig . 5 D,E were produced as 
in  A, B and were a lso  reco rd ed  in  th e  SR n erv e , but in  E "the co n d it­
io n in g  was by a s tim u lus to  the DI nerve a t  a s t r e n g th  maximal fo r
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Group I I I .  The tim e co u rse  of th e  e x c i t a b i l i ty  changes so produced 
in  the  SR f ib r e s  (F ig . 5 F , open c i r c le s )  was not on ly  sm a lle r  bu t 
a ls o  s h o r te r  in  d u ra tio n  th an  th a t  due to  mixed nerve  s tim u la tio n  
(F ig . 5 C) • There was in  F ig . 5 F a lso  a  p e rio d  o f  s l ig h t ly  de­
c re a sed  e x c i t a b i l i t y  a t  in te r v a l s  beyond 175 msec. The in c reased  
e x c i t a b i l i t y  in  F ig .  5 F was m ainly due to  the  a c t io n  of the  Group 
I I  and I I I  f ib r e s  in  th e  DI nerv e , s in ce  c o n d itio n in g  w ith  a  v o lley  
c o n ta in in g  only  Group I  f ib r e s  (F ig . 5 F , f i l l e d  c i r c le s )  had on ly  a  
sm all e f f e c t .
T h is f ig u re  may serve  as an example th a t  in  eveiy re s p e c t 
th e  PAD o f  cu taneous a f f e r e n t  f ib r e s  in  the c e rv ic a l  s p in a l  cord  o f 
the  c a t  resem bles t h a t  found in  th e  lumbar c o rd . A more ex ten s iv e  
d e s c r ip t io n  o f the r e s u l t s  i s  th e re fo re  om itted  (Schmidt and W il l i s ,  
1962b).
(4) Prim ary A ffe ren t D e p o la r iza tio n  in  the Cuneate N ucleus.
Slow p o s i t iv e  p o te n t ia l  waves produced by cutaneous a f f e r e n t  v o lle y s  
on th e  su rfa ce  o f  th e  cuneate  nucleus were f i r s t  d e sc rib ed  by 
Therman (1941). At t h a t  tim e  they  were assumed to  a r i s e  i n  the  under­
ly in g  r e t i c u l a r  su b s ta n c e . T h e ir co incidence  w ith  th e  d ep re ss io n  o f 
the  sy n ap tic  tra n sm iss io n  o f a  t e s t in g  cutaneous v o lle y  through th e  
cuneate  nucleus (M arshall, 1941) was regarded  as f o r tu i to u s .  How­
e v e r , in  a re c e n t r e - in v e s t ig a t io n  (Andersen, E cc les  and Schmidt,
1962 and unpublished  o b serv a tio n s) evidence has been  p re sen te d  th a t  
th e se  slow p o te n t ia ls  a re  a t  l e a s t  in  p a r t  g en era ted  by the PAD 
o f  cu taneous a f fe re n t  f ib r e s  end ing  on r e la y  c e l l s  in  the cu n ea te
nucleus
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Fig. 6 shows intracellular records (upper traces in A - 
H) from an impaled M fibre which was identified as belonging to the 
median nerve by the short latency spike shown in A and E. All three 
cutaneous and mixed nerves (Fig. 6 B, C, D) produced considerable 
PAD when stimulated with single shocks of four times threshold. The 
records of Fig. 6 B, C, D were repeated with a faster sweep speed in 
F - H in order to illustrate the steep ilsing phase of the PAD and 
the dorsal root reflexes which start from it. In E, which is at a 
still faster sweep speed, the stimulus strength to the M nerve was 
adjusted to the threshold of the fibre under observation to display 
the superposition of the action potential on the rising phase of the 
PAD. The steep rising phase of the PAD in Fig. 6 as compared with 
Fig. 1 is thought to be due to the impalement of this fibre close to 
its terminals, where the active depolarization is believed to take 
place. In the lumbar cord intracellular recordings are always made 
at a distance of 0.5 to 1.5 mm from the terminals where the rising 
phase of the PAD is already slowed by electrotonic spread.
Fig. 7 summarizes several other methods used to display 
PAD in the cuneate nucleus. It also includes evidence showing that 
the descending inhibition from the sensori-motor cortex in the cun- 
eate nucleus (Magni et al., 1959, Towe and Jabbur, 1961) might be 
mediated by PAD. In A and B are specimen records of P-waves recorded 
with a microelectrode from the surface of the cuneate nucleus after 
a single shock of four times threshold to the SR nerve (A) or short 
tetanic stimulation of the sensori-motor cortex (B) • When the micro­
electrode was advanced from the surface to the depth of the cuneate
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nucleus, the P-waves evoked by cutaneous volleys and from the cortex 
both reversed to a negative potential having a comparable time course 
(Fig* 7 C, D) . When a platinum electrode was moved over the surface 
of the ouneate nucleus and adjacent parts of the medulla and spinal 
cord, the p-wave was found to decline vexy steeply in the lateral 
and rostral directions, but it extended with a progressive decrement 
for a relatively long distance caudally along the cuneate tract*
The same distribution occurred for the P-waves produced by cutaneous 
volleys and cortical stimulation as indicated by the filled and open 
circles in Fig* 7 E in which sizes of P-wave are represented by the 
diameter of the circles. Finally, in Fig. 7 F there are plotted the 
excitability changes which occur in SR nerve terminals when con­
ditioned by a single shock in the M nerve (filled circles) or by tet­
anic stimulation of the sensori-motor cortex (open circles)• The 
decremental electrotonic spread of the PAP from the teminals along 
the presynaptic fibre is revealed by the decreasing excitability 
changes shown in Fig. 7 G.
(5) Discussion* At three different sites in the catfs spinal
cord PAD of cutaneous afferent fibres has been demonstrated. This 
depolarization was always most effectively produced by cutaneous 
afferent volleys* In addition, muscle afferent volleys in Group lb 
and Group II and III fibres regularly produced PAD of cutaneous affer­
ent fibres particularly when stimulated repetitively. Obviously tem­
poral facilitation is required for the full activation of the 
pathway from the muscle afferent fibres to the presynaptic terminals 
of cutaneous afferent fibres. Similarly, facilitation was required
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f o r  th e  PAD gen era ted  in  th e  cu nea te  nucleus by s tim u la tio n  o f  th e  
sen so ri-m o to r c o r te x .
The r e s u l t s  in d ic a te  t h a t  th e  ’’f le x o r  r e f le x  a f f e r e n t s ” 
(E o lm qv ist, Lundberg and  O scarsson , 1956, I960) a re  p a r t i c u la r ly  
e f f e c t iv e  in  d e p o la r iz in g  cutaneous a f f e r e n t  f ib r e s  and t h i s  w i l l  
become s t i l l  more obvious i n  l a t e r  s e c tio n s  o f  th i s  t h e s i s .  O ther­
w ise th e  experim ents c o n ta in  no ev idence concerning th e  r e la t io n s h ip  
o f th e  m odality  o f  th e  cutaneous a f fe re n t  f i b r e s  pnoducirg o r  re c e iv ­
ing  PAD. I t  has been  shown (F ig . 4) th a t  a lp h a  f ib r e s  a re  p r in c i ­
p a lly  concerned in  the  p ro d u c tio n  o f  PAD and th a t  th e  a n a l le r  high 
th re sh o ld  d e l ta  group i s  much le s s  e f f e c t iv e .  A s im ila r  r e la t io n ­
sh ip  a ls o  holds fa r  th e  p ro d u c tio n  o f the  f le x o r  r e f le x  (Mark and 
S te in e r ,  1958). Hunt and M cIntyre (i960) dem onstrated  w ith  adequate 
s t im u la tio n  th a t  the  a lp h a  group w ith  conduction  v e lo c i t ie s  v a ry irg  
from 100 n)£ec down to  36 n)feec belong to  th re e  d i s t i n c t  fu n c tio n a l 
g roups, which were concerned w ith  h a i r  movement, touch and p re s su re . 
These m o d a litie s  w ere each d is t r ib u te d  th roughout th i s  la rg e  range 
o f  f i b r e  d iam eter (17 -  6 jl) • O bviously only  in v e s t ig a t io n s  in v o lv ­
ing  n a tu r a l  s tim u la tio n  o f  t h i s  type  w i l l  allow  a f u r th e r  fu n c tio n a l 
d i f f e r e n t i a t i o n  o f  th e  PAD o f  cutaneous f ib r e s .  P re lim in ary  e x p e ri­
ments have shown th a t  sh o rt n a tu r a l  s t im u li  -  l ik e  g e n tly  tap p in g  a 
fo o t pad -  produce DRP v e ry  s im ila r  to  th o se  evoked by e l e c t r i c a l  
s t im u la tio n  o f cutaneous n e rv e s .
As o u t l in e d  in  the G eneral In tro d u c tio n  PAD o f  muscle 
a f f e r e n t  f ib r e s  h as been shown to  be a very  e f f e c t iv e  in h ib i to ry  
mechanism in  the  c a t* s  s p in a l  co rd . The in h ib i to r y  a c tio n s  o f the
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PAD o f  cu taneous f ib r e s  w i l l  be d e sc rib ed  in  th e  nex t s e c t io n .
B. INHIBITORY ACTIONS PRODUCED BY PRIMARY AFFERENT 
DEPOLARIZATION OF CUTANEOUS AFFERENT FIBRES.
( l)  In tro d u c tio n . The monosynaptic e x c ita to ry  connec tions of
Group l a  m uscle a f f e r e n t  f ib r e s  onto motoneurones p rovided  a r a th e r  
sim ple and e a s i ly  c o n tro l la b le  t e s t in g  c i r c u i t  fo r  many of the con­
c e p ts  on sy n ap tic  mechanism developed i n  th i s  c en tu ry . R ecen tly , in  
a s e r i e s  o f  s tu d ie s  from t h i s  la b o ra to ry  (E cc le s , E cc les  and Magni, 
1961j E c c le s , Magni and W il l i s ,  1962; E c c le s , Schmidt and W i l l i s ,  
1962a,b; Schmidt and W il l is ,  1962a) th i s  c e n tr a l  c i r c u i t  has b e en  
used to  in v e s t ig a te  in  g re a t  d e t a i l  th e  o r ig in a l  o b se rv a tio n  o f  Frank 
and F u o rtes  (1957) th a t  d e p re ss io n  o f EPSPs can be brought about by 
a  mechanism n o t  in v o lv irg  p o s tsy n a p tic  in h ib i t io n .  I t  was found th a t  
t h i s  in h ib i t i o n  i s  produced by a d e p o la r iz a t io n  o f  the  p re sy n a p tic  
te rm in a ls  o f  the prim ary a f f e r e n t  f ib r e s  and was th e re fo re  term ed 
"p re sy n ap tic  in h ib i t io n " .
The in h ib i to r y  a c tio n s  o f  the  PAD found in  cutaneous 
f ib r e s  ( s .  p rev io u s  sec tio n ) a re  more d i f f i c u l t  to  dem onstrate  s in c e , 
w ith  th e  ex cep tio n  o f  th e  d o rs o la te r a l  fu n ic u lu s , no m onosynaptic 
e x c i ta to r y  synapse i s  r e a d i ly  a v a i la b le  from which in t r a -  o r  e x tra ­
c e l l u l a r  reco rd in g s  can  be made i n  a  manner comparable to  th e  r e ­
co rd in g  o f  EPSPs from motoneurones o r  o f m onosynaptic r e f le x  sp ik es  
from v e n tr a l  r o o t s .  N ev erth e less  s tro n g  evidence w i l l  he p re se n te d  
th a t  many o f  th e  in h ib i to r y  a c tio n s  o f  cu taneous v o lley s  a r e  a t t r i b ­
u ta b le  to  PAD and th u s  th a t  th ey  a re  examples of p re sy n ap tic
in h ib it io n ,
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2* Inhibition of Flexor Reflexes. In testirg for inhibition
of flexor reflexes it is desirable to employ different afferent 
nerves for the conditioning and testirg volleys so as to avoid, at 
least for the first synaptic relay, the changes that repetitive 
activation causes in synaptic efficacy (Curtis and Eccles, 1S60)•
For example, a single volley in one cutaneous nerve can be employed 
to condition the reflex response produced by another cutaneous 
volley (Fig. 8 A); and, as in Fig# 8 B, the reverse sequence can also 
be investigated. Each afferent volley alone produced almost the same 
size of flexor reflex (see specimen records in A and B), and it is 
seen in Fig* 8 C that there was virtual identity of the respective 
inhibitoiy curves. With lengthening of the testing interval there 
was a progressive decline of inhibition until recovery was almost 
complete with testing intervals of about 500 msec, though some 
depression was probably present even at 1000 msec. Often there was 
facilitation of the reflex discharge when the testing intervals were 
less than 30 msec (cf. Eccles and Sherrington, 1930, 1931). The 
flexor reflex produced in the DI nerve of the forelimb by stimulation 
of the SR nerve is similarly inhibited by single conditioning volleys 
in the mixed nerve U (Fig. 9 B, filled circles). When conditioning 
and testing afferent volleys were in the same afferent nerve (Fig.
9 B, open circles) the inhibition was even more pronounced. Reflex 
depressions such as those illustrated in Figs* 8 and 9 were invari­
ably observed when a volley in a cutaneous nerve was employed to con­
dition the flexor reflex produced by a volley in the same or another
cutaneous nerve
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Corresponding to the PAD of cutaneous fibres by muscle 
afferent volleys there was also a veiy effective inhibition of 
flexor reflexes by muscle afferent volleys with the characteristic 
long duration observed for conditioning by cutaneous volleys (Figs.
9 C, D; 10 A, B) . Again, conditioning by flexor Group I volleys 
(Fig. 10 A) seems more potent than conditioning by extensor Group I 
volleys (Fig. 11 B) , and short tetanic stimulation (Fig. 10) of the 
muscle afferent fibres is much more effective than a single shock 
(Fig. 9 C, D). Furthemore the inclusion of the high threshold 
muscle afferents in the conditioning volley (Fig. 9 C, D; 30 B) in­
creases the inhibition considerably.
These results fully confirm and extend the earlier inves­
tigations on the inhibition of flexor reflexes by ipsilateral 
conditioning volleys (Forbes, Querido, Whitaker and Hurxthal, 1928; 
Gerard and Forbes, 1928; Eccles and Sherrington, 1931). In addition 
they recall the earlier hypotheses of Gasser and Graham (1933),
Hughes and Gasser (1934) , Gasser (1937) and Barron and Matthews 
(1938a), who correlated this prolonged flexor reflex inhibition with 
the p-wave and the DRP potential. However, the detailed mode of 
operation of presynaptic inhibition as outlined in later sections of 
this thesis is very different from the earlier suggestions.
(3) Inhibition of Discharges Evoked by Cutaneous Afferents
into the Ipsilateral Dorsolateral Funiculus. It must not be assumed 
that the inhibition of flexor reflexes, as described in the preceding 
section, is necessarily an example of presynaptic inhibition. Since 
there is at least one interneurone on the central pathway, it is
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possible that some intemeurones are common to both the conditioning 
and testing pathways, and that the inhibition is due to depression 
of these interneurones consequent on their discharge in response to 
the conditioning volleys as postulated by Gasser (1937)• Further­
more, depression could also occur in the synaptic efficacy of those 
interneurones that are common to both conditioning and testing path­
ways, just as occurs with repetitive activation of synapses on moto- 
neurones (Curtis and Eccles, I960)• It is important therefore to 
determine if there is a comparable inhibition of the monosynaptic 
discharges that are evoked by cutaneous afferent volleys*
The requisite conditions are provided by the monosynaptic 
discharges which impulses in alpha cutaneous fibres produce in the 
dorsolateral funiculus of the same side (Laporte et al*, 1956; 
Oscarsson, 1956) . Five subdivisions of this monosynaptic pathway 
have been recognized (Lundberg and Oscarsson, 1960, 1961) ; in two 
the relay cells are close to the segmental level of entry of the 
afferent fibres into the cord, the other three are subdivisions of 
the dorsal spino-cerebellar tract, the relay cells being in Clarke’s 
column several segments more rostral* In testing for presynaptic 
inhibition this latter group has been excluded by excising the dor­
sal columns down to segmental level, and preparing the dorsolat­
eral funiculus for recording from the level of cord section at Lg 
down to the upper level (see also Laporte, Lundberg and 0 scarsson, 
1956)* As shown in Fig. 11 a cutaneous volley in the SP nerve evoked 
a mass discharge in the dissected dorsolateral funiculus that began 
with a fairly synchronous spike with the latency expected for mono-
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synaptic activation. Subsequently there was a prolonged discharge, 
which is characteristic of the responses of these tract cells 
(Laporte et al., 1956; Haapanen, Kblmodin and Skoglund, 1956; Wall, 
1959; Hunt and Kuno, 1959; Eccles, Eccles and Lundberg, 1960;
Kostyuk, 1960; Arroett, Gray and Palmer, 1961). There is evidence 
that much of this discharge is attributable to delayed excitation 
through polysynaptic pathways.
When preceded by a volley in the other cutaneous nerve 
(Sü) there was depression of the monosynaptic discharge for testing 
intervals ranging from 15 msec to more than 150 msec, as may be seen 
in the plotted curve (open circles) for the series partly illustra­
ted in Fig. 11. When the sequence of conditioning and testing 
volleys was reversed, similar inhibitory curves were obtained. In 
both cases the delayed discharges were more depressed than the mono­
synaptic. This is displayed to better advantage in the integrated 
records shown in Fig. 11 B and plotted in C (filled circles).
Recovery from depression of the delayed discharges occupied at least 
300 msec and in general it can be stated that the delayed discharges 
always displayed a deeper and longer depression than did monosynaptic 
discharges. This is readily understood when it is realized that the 
monosynaptic activation of the tract cells by a cutaneous volley is 
so powerful that all cells are supramaximally excited for the mono­
synaptic discharge, while the later repetitive discharge is a very 
sensitive detector of inhibitory action, which would be effective 
both in slowing the frequency and suppressing the terminal discharges.
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It has been shown further (Eccles, Kbstyuk and Schmidt, 
1962b) that Group I muscle volleys from flexors are veiy effective 
in inhibiting both the monosynaptic and the later components of the 
ipsilateral cutaneous tract discharge. Depression to 80$ of the 
control value for the monosynaptic discharge and to 55$ for the 
later components have been recorded. Thus in eveiy respect testing 
for inhibition by the tract discharges has given results comparable 
with those obtained when employing flexor reflexes as the test res­
ponse.
These investigations on the ipsilateral cutaneous tract 
have established that the inhibition is exerted on the first synap­
tic relay made by the primary afferent fibres of the cutaneous 
nerves. Furthermore, these primary afferent fibres exhibit a depol­
arization that appears as a dorsal root potential which in general 
parallels the observed inhibition for the different kinds of affer­
ent volley. Hence, it would seem that the inhibition of flexor 
reflexes and of tract responses is demonstrated to be another example 
of presynaptic inhibition. However, the identification of an inhib­
itory action as presynaptic rather than post-synaptic eventually does 
depend on the precise information that is provided by intracellular 
recording from the inhibited neurones, as described in the next 
section.
(4) Inhibition of Interneurones. Neurones monosynaptically
excited by cutaneous nerve volleys (C-type neurones). Altogether 18 
C type neurones have been tested for the inhibitory action of cutan­
eous volleys, eight with intracellular and the others with extra-
3D
cellular recording. The most reliable experiment is illustrated in 
Fig. 12, where both the testing and conditioning volleys produced 
EPSPs without any superimposed spikes, though there was a little 
polysynaptic excitatory action just after the summit and on the de­
clining phase of the monosynaptic EPSPs. In Fig. 12 A the EPSPs 
produced by the testing volley in the SP nerve are displayed at a 
fast sweep speed so that the time courses of the EPSPs can be ob­
served in detail. Measurements for the whole series that is partly 
illustrated in Fig. 12 A, B are plotted in Fig. 12 C. The depres­
sion of the SPSP is maximal at brief testirg intervals, there being 
rapid recovery beyond 20 msec, but there appears still to be a little 
depression at the longest testing intervals. The control EPSP seems 
to differ only on account of the polysynaptic EPSPs superimposed on 
its declining phase.
The EPSP depression in Fig. 12 corresponds closely to that 
observed with the monosynaptic EPSP of motoneurones (Eccles, Eccles 
and Magni, 1961) . Since it has a time course comparable with the 
presynaptic depolarization observed by intracellular recording 
(Fig. l) , it can be concluded that the EPSP depression of Fig. 12 
is an example of presynaptic inhibition in which the synaptic excit­
atory action is diminished on account of the presynaptic depolariza­
tion.
An EPSP depression having the long time course of the 
inhibitoiy action produced by cutaneous volleys has been observed 
with the other seven C type neurones in which EPSPs could be recog­
nized. In the remaining C type neurones inhibitory action was
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exhibited by the spike discharges, and, as illustrated in Fig* 13, 
there was lengthening of the latency of discharge and reduction in 
the number of discharges, effects which were observed over long test 
intervals - even up to 300 msec. On the few occasions where con­
ditioning was effected by afferent volleys from muscle, there was 
likewise an inhibition of spike discharges from a C type neurone, 
but these volleys included Group II and III impulses; Group I vol­
leys alone have not yet been employed for conditioning. It may be 
mentioned that the inhibitory action of a preceding afferent volley 
has also been investigated with several D type cells (Eccles,
Kostyuk and Schmidt, 1962b), and all have exhibited a depression 
with the time course characteristic of presynaptic inhibition. In 
the absence of intracellular recording the depression has been shown 
both by a diminution in the number of impulses evoked by the testing 
volley, and by a lengthening of their central latency.
Interneurones in the cuneate nucleus. Marshall (1941) and recently 
in more detail Towe and Jabbur (1961) demonstrated that the post- 
synaptic spike response of cutaneous relay cells can be inhibited by 
conditioning volleys from the periphery and from the cortex with a 
time course that parallels the PAD, the maximum action beirg at about 
20 to 3D msec and the total duration 200 msec. Our experiments 
(Andersen, Eccles and Schmidt, to be published) have added further 
evidence that this prolonged interneuronal inhibition is linked with 
the PAD of the teiminals of the cutaneous afferent fibres.
For example, Fig. 14 shows the plotted measurements of a 
cuneate interneurone which was excited polysynaptically by SR and M
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afferent volleys. In Fig« 14 A the increase in latency of the first 
spike discharge evoked hy a SR volley is plotted against the interval 
from a preceding single U volley (filled circles) or short tetanic 
stimulation of the sensori-motor cortex (open circles). In Fig. 14 
B and C the intemeurone was excited by a M volley and conditioned 
by a SR volley: the increase in the latency of the first spike dis­
charge is plotted (Fig. 14 C) as well as the reduction of the number 
of spikes fired by the test volley. In all testing’ situations there 
is a very close correlation of the amount and time course of the 
inhibitory phenomena with the PAD illustrated in Figs. 6 and 7.
These investigations of interneurones both in the lumbar 
cord and in the cuneate nucleus with micro-electrode recording have 
thus shown that the monosynaptic activation by cutaneous volleys is 
depressed by cutaneous volleys in just the same way as monosynaptic 
activation of motoneurones is depressed by Group I volleys in the 
nerves to flexor muscles (Eccles, Eccles and Magni, 1961). It can be 
concluded that the depression of the various responses produced by 
cutaneous volleys, as illustrated in Figs. 8 - 11, is likewise due to 
a presynaptic inhibitory mechanism. If, as seems likely, this pre- 
synaptic inhibition is exerted on all the cutaneous afferent fibres, 
the actual neuronal mechanism concerned in the production of presyn­
aptic inhibition must itself also be subjected to this inhibition.
This effect can be most easily demonstrated by recording the presyn­
aptic depolarization in the dorsal root fibres, as in the next section.
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(5) Inhibition of Dorsal Root Potentials and Dorsal Root
Reflexes, The initial investigations on the dorsal root potential 
(DRP) revealed that a second volley in the same or a different 
afferent nerve produced a diminished DRP even when the testing inter­
val was several hundred milliseconds (Barron and Matthews, 1938a; 
Bonnet and Bremer, 1939; Bremer and Bonnet, 1942; Eccles and Malcolm, 
1946) • Despite the frequent confirmation of these original finding's 
there has been no satisfactory explanation of this prolonged depres­
sion, which has been referred to by such non-committal terms as 
occlusion or fatigue. If it is, however, a further example of pre- 
synaptic inhibition - as can be suspected from the investigations 
reported above - it should exhibit a time course similar to the time 
course of these inhibitions, the depression being maximal at short 
testing intervals and having a total duration of about 300 msec.
In the specimen records of Fig. 15 there is seen to be a 
large depression of the DRP evoked by a SP volley when it is pre­
ceded by a SU volley. When the DRP produced by the SP volley at each 
testing interval is calculated as the potential added to the con­
ditioning DRP and plotted against the testing interval (Fig. 15 C, 
open circles), it is seen that the very deep depression at brief 
intervals recovered along a curve resembling the recovexy from the 
presynaptic inhibition of other responses to a testing cutaneous 
volley (Figs. 1, 3, 5, 14); and it was still incomplete after 300 
msec. A similar prolonged recovexy is exhibited in Fig. 15 B and C 
(filled circles) when the conditioning and testing volleys were
reversed
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S im ila r  d ep ress io n s  have been  o b ta in ed  when Group I  + I I  + 
I I I  v o lle y s  o f f le x o r  o r ex ten so r m uscles have been employed fo r  
c o n d itio n in g  a cutaneous DRP (E cc le s , Kostyuk and Schmidt, 1962b) •
In  c o n t r a s t ,  Group I  a f f e r e n t  v o lle y s  o f e x ten so r m uscles were l i t t l e  
e f f e c t iv e .  However, as i l l u s t r a t e d  i n  F ig .  16, a  very  la rg e  depres­
s a n t a c t io n  i s  ex e rted  by PBST Group I  v o lle y s  on th e  DKP produced by 
a cu taneous v o lle y  and v ic e  v e rsa ; y e t th e se  two ty p es  o f  v o lle y s  
must a c t iv a te  se p a ra te  system s o f in te rn e u ro n e s  (see  be low ). The 
maximal d ep ress io n  of over 70^ in  F ig . 16 i s  u n u sually  la rg e , but 
d e p re ss io n s  o f about 50^ have been re g u la r ly  observed in  the in te r a c ­
t io n  between th e  la rg e  DRPs produced by cutaneous v o lle y s  and by fo u r 
Group I  FDP o r  PBST v o l le y s .  Such d ep re ss io n s  a re  c e r ta in ly  le s s  
th a n  th e  d ep ress io n s  o f about 1D0?£ re g u la r ly  observed in  th e  i n t e r ­
a c t io n  o f  two cutaneous v o l le y s .  They a re  a lso  b r i e f e r .  The time 
course  o f recovery  from th e  d ep ress io n  was, f o r  example, much 
slow er in  F ig . 15 C th an  in  F ig . 16 C.
The pow erful DRPs produced by synchronous cutaneous a f f e r e n t  
v o lle y s  o f te n  p rovide a s te e p  enough g ra d ie n t o f d e p o la r iz a tio n  to  
e x c ite  th e  f i b r e ^ h i c h  a re  be in g  d e p o la r ize d . The sp ikes a re  th en  
conducted a n tid ro m ic a lly  onto th e  p e r ip h e ra l  nerves and can be re c o r­
ded as th e  d o rs a l  ro o t r e f le x  (Barron and Matthews, 1935b, 1938a; 
T oenn ies, 1938, 1939; Brooks, Koizumi and Malcolm, 1955; Brooks and 
Koizumi, 1956; T reg ea r, 1958; E c c le s , Kozak and Magni, 1961), I f  
th e  PAD d e p o la r iz a tio n  i s  decreased  th e  number o f  d o rsa l ro o t r e f le x ­
es (DRRs) w i l l  be reduced because th e  d e p o la r iz a t io n  does no lo n g er 
reach  th e  th re s h o ld  f o r  e x c i ta t io n .  D epression  o f th e  DRR i s  th e re -
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fo re  a  s e n s i t iv e  in d ic a to r  f o r  th e  re d u c tio n  o f PAD in  a  p o p u la tio n  
o f  a f f e r e n t  f ib re s *  For in s ta n c e  in  F ig .  17 A a  DRR was reco rded  
in  a  SR nerve a f t e r  a  s in g le  a f f e r e n t  v o lle y  in  the  M nerve (CON). 
This DRR was th e n  preceded by a  s in g le  Group I  + I I  + I I I  v o lle y  in  
th e  f le x o r  nerve o f  th e  fo rearm , DI, w ith  an in te r v a l  o f  40 and 265 
m sec. A s tro n g  d e p re ss io n  o f th e  DRR can be seen and th e  f u l l  tim e 
course  o f  th e  in h ib i t io n  produced by th e  muscle a f f e r e n t  v o lle y  i s  
p lo t te d  in  F ig . 17 B ( f i l l e d  c i r c l e s ) • A le s s  pow erful but s t i l l  
c o n sid e rab le  d ep re ss io n  i s  caused when Group I  a f f e r e n t  v o lle y s  in  
DI a re  used  (F ig .  17 B, open c i r c le s )  • The e x te n so r  nerve TLO i s  
much le s s  e f f e c t iv e  in  in h ib i t in g  a  SR DRR produced by an U v o lle y  
(F ig . 17 C, D) • A ll th e  in h ib i t io n s  dem onstrated  in  F ig . 17 a re  
much s h o r te r  and sm a lle r  than  the  in h ib i to r y  a c t io n  o f a c o n d itio n ­
ing  cutaneous v o lle y  which l a s t s  f o r  approx im ately  one second 
(Schmidt and W ill is ,  1962b)•
(6) D iscu ssio n . By f iv e  d i f f e r e n t  ty p es  o f  in v e s t ig a t io n  i t
has been shown th a t  a  c o n d itio n in g  cutaneous v o lle y  produces a  
d e p re ss io n  of th e  response  to  a t e s t in g  cutaneous v o lle y  which has 
a  tim e course  even lo n g er than  th e  d e p o la r iz a tio n  th a t  th e  c o n d itio n ­
in g  v o lle y  produces in  th e  prim aiy  a f f e r e n t  f i b r e s ,  i . e .  the  d o rs a l  
ro o t p o te n t i a l .  T h is d ep ress io n  was e x e r te d  on th e  f le x o r  r e f le x ,  
on th e  d o rs a l  ro o t p o te n t ia l ,  on th e  d o rs a l  ro o t r e f l e x ,  on th e  mono­
sy n ap tic  d isch a rg e  which a lp h a  cutaneous im pulses produce i n  th e  
f ib r e s  o f  th e  i p s i l a t e r a l  d o r s o la te r a l  fu n ic u lu s  and , f i n a l l y ,  on th e  
monosynaptic EPSP o f  in te rn e u ro n e s  m onosynaptically  e x c ite d  by c u t­
aneous a f f e r e n t  v o l le y s .  There i s  such a  c lo se  p a ra l le l is m  w ith  th e
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p re sy n ap tic  in h ib i t io n  o f th e  Group I  system  th a t  undoubtedly th e  
above f iv e  types o f  d e p re ss io n  o f  th e  c e n t r a l  a c tio n s  o f cutaneous 
a f f e r e n t  f ib r e s  must be reg arded  as  examples o f p re sy n ap tic  in h ib ­
i t io n *
PAD o f  both  muscle (E c c le s , Magni and W il l i s ,  1962) sind 
cu taneous a f f e r e n t  f i b r e s  has th u s  been shown to  be a very  e f fe c ­
t iv e  in h ib i to r y  mechanism. I t s  p o ss ib le  fu n c tio n a l  s ig n if ic a n c e  
which i s  e s s e n t ia l ly  th a t  o f  a  s e t  o f  n e g a tiv e  feed-back  system s, 
w i l l  be d iscu ssed  in  the  G eneral D iscu ssio n . Meanwhile the  nex t 
two s e c tio n s  o f t h i s  th e s i s  w i l l  be concerned ( i)  w ith  a  study o f 
th e  in te rn e u ro n a l pathways involved  in  PAD and ( i i )  w ith  an 
in v e s t ig a t io n  in to  th e  mode o f  o p e ra tio n  o f  th e  p re sy n ap tio  syn­
apses producing prim ary a f f e r e n t  d e p o la r iz a t io n .
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IV. THE CENTRAL PATHWAYS RESPONSIBLE FOR PRIMARY 
AFFERENT DEPOLARIZATION
A. INTRODUCTION
In the two precedir^ sections evidence has been presented 
that the large depolarizing actions of cutaneous afferent volleys 
onto cutaneous afferent fibres are a very effective inhibitory mech­
anism which is responsible for a wide variety of inhibitory actions. 
This mechanism has been termed presynaptic inhibition. Similarly 
Group I muscle afferent volleys can inhibit the central actions of 
muscle afferent fibres by the same type of depolarization (Eccles, 
Eccles and Magni, 1961; Eccles, Magni and Willis, 1962; Eccles, 
Schmidt and Willis, 1962a,b; Schmidt and Willis, 1962a,b) and there 
is also some interaction between the two systems (Eccles, Kostyuk 
and Schmidt, 1962b; Schmidt and Willis, 1962b; Eccles, Schmidt and 
Willis, unpublished). The following chapter will give an account 
of investigations concerned with the central pathways of presynaptic 
inhibition. It will be shown that the presynaptic inhibitory syn­
apses are in all probability located on or near the synaptic endings 
of primary afferent fibres and that the central pathways to these 
presynaptic synapses are polysynaptic, having at least two inter- 
neurones in serial arrangement • Finally intemeurones will be des­
cribed which fulfil the requirements postulated for intemeurones 
on that pathway.
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B. THE ID CATION OF DEPO IARIZING SYNAPSES
(1) Depolarizing Synapses on Group I Afferent Fibres from
Muscle, Two methods are suitable for detecting the site of maximum 
depolarization produced in a primary afferent fibre t (i) the re­
cording of the extracellular fields produced by this depolarization 
and (ii) the testing of the excitability charges. Fig. 18 shows an 
example of this latter technique* a microelectrode was inserted 
into the cord dorsum close to the mid-line and was directed ventro- 
laterally so that it was in close proximity to the collaterals of 
Group la fibres as they passed from the dorsal region of the cord 
into the motoneuronal nucleus. By the procedure already described 
above (cf. Fig. 2), evaluations were made of the increases in 
excitability produced in these fibres by a conditioning tetanus of 
five PBST Group I volleys at 390/sec. A and B are samples of spec­
imen records from which the percentage increases in excitability 
were calculated for depths of 0.5 mm and 3.4 mm, The filled and 
open circles in Fig. 18 C plot the increases calculated for varying 
depths along two different microelectrode tracks in the same experi­
ment. The maximum increase at a depth of about 3.4 mm would be at 
the region where the presynaptic fibres terminate on the FDHL and 
PL motoneurones• Hence Fig. 18 indicates that the principal action 
of the depolarizing synapses is exerted on the ramifications of the 
la fibres in the motoneuronal nucleus. A similar location of action 
has been observed by Eccles, Magni and Willis (1962).
Since Group la fibres also give profuse synaptic endings 
on neurones in the intermediate nucleus (Eccles , Fatt and Landgren,
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1956; Eccles, Eccles and Lundberg, I960), a second site of depol­
arizing synapses might be located there* Evidence in support of 
this additional location was observed in several experiments, 
where the increases in excitability were measured by the same pro­
cedures as in Pig* 18. Thus in Fig* 19 B the largest increase was 
observed at the deepest testing site (3.65 mm), which would be in 
the motoneuronal nucleus (cf • Fig. 19 A) , but the increase was 
almost as large in the region of the inte mediate nucleus at 2.5 
mm, there being even an indication of two peaks of excitability to 
match the two foci of negative field potential referred to above*
It is further seen in Fig. 19 C that with two different condition­
ing inputs there was evidence for a depolarizing action in both the 
motoneuronal and the intermediate zones of the Group I afferent 
fibres of GS muscle.
If depolarizing synapses are acting on the terminal 
arborizations of Group la fibres in the motoneuronal nucleus, it 
would be expected that the negative field potential at this site 
would be distinguished not only by its size, but also by its 
sharper time course. Such features are, however, not usually con­
spicuous, but can be recognized in Fig. 19 D when the potentials at 
depths of 3.6 and 3.4 mm are compared with those at 3.8 mm or more 
superficially at 3.2 and 3.0 mm.
The excitability of Group la fibres could be tested with­
out interference from other muscle afferent types by inserting the 
stimulating electrode into the motor nucleus. There is no com­
parable location in the spinal cord where lb fibres may be found in
-  40
isolation from la fibres. However, the excitability changes occur­
ring in lb fibres can be studied when the antidromic volley 
produced by central stimulation is "filtered" by an orthodromic la 
volley which collides with and extinguishes the antidromic la 
spikes before they reach the recording electrodes. This technique 
has been described by Eccles, Schmidt and Willis (1962b). Its 
application together with field potential studies has shown that 
the depolarizing synapses on the lb fibres were probably located in 
the intennediate nucleus. The increase in excitability was largest 
here and the focus of the negative field potential was slso in this 
zone.
(2) Depolarizing Synapses on Cutaneous Afferent Fibres»
Studies such as those described in the preceding section have also 
been made using cutaneous afferent volleys (Eccles, Kostyuk and 
Schmidt, 1962a)* An example is shown in Fig. 20. On the left are 
specimen records of the field potentials generated by a stimulus to 
the SP nerve at various depths along the track marked by an arrow 
in the diagram at the right. This diagram shows the contour lines 
of a potential field diagram constructed out of a series of tracks 
and related to the transverse section of the spinal cord by observ­
ing It/b. histological preparation the micro-electrode that was left 
in position in the most medial track*
Invariably these investigations have shown that at a 
depth of about 1 mm below the cord dorsum the P-wave reverses to a 
negative potential of comparable time course. In assessing the 
effect of depth on the P-wave, it is necessary to measure it after
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the end of the N-waves that are recorded from the dorsum of the 
cord, and which reverse to positive waves at depths of 2.2 - 3*2 
mm (Coombs, Curtin and Landgren, 1956; Fernandez de Molina and 
Gray, 1957)• In Fig. 20 it is seen that the maximum zones of 
positivity and negativity lie fairly close on each side of a zero- 
potential line that runs obliquely across the spinal cord, being 
more ventral medially than laterally. This reversal line lies 
approximately parallel to, but about 1 mm more dorsal than the re­
versal line observed for the field potential which is generated by 
Group I afferent volleys from flexor muscle (Eccles, Magni and 
Willis, 1962). The field potential generated by cutaneous volleys 
can be accounted for by the flow of current produced when there is 
an active depolarization of the ventral ends of core-conductor 
elements that are oriented rather more obliquely than the electrode 
tracks in Fig. 30. The required direction of the core-conductors 
agrees closely with the direction of the collaterals of the cutan­
eous afferent fibres that enter the dorsal horn after branching 
from the parent fibres in the dorsal column.
Testing the excitability of cutaneous afferent fibres 
at various depths in the spinal cord (Schmidt and Willis, 1962b; 
Eccles, Schmidt and Willis, unpublished) revealed a definite maxi­
mum of excitability change in the region of the dorsal parts of the 
dorsal horn, i.e. at the depth where the maximum negative focal 
potentials were observed and which is slightly more dorsal thar^he 
zone of maximum lb excitability change.
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C. THE M9DE OP OPERATION OP THE PRESYNAPTIC PATHWAY
The neu rona l pathways f o r  p re sy n ap tic  in h ib i t io n  have 
p ro p e r t ie s  co rrespond ing  to  th o se  c h a ra c te r iz in g  the  p o ly sy n ap tic  
pathways o f th e  f le x o r  r e f l e x .  There i s  a c e n tr a l  la te n cy  o f 
s e v e ra l m illise c o n d s , rang ing  betw een 2 msec in  th e  cuneate  nucleus 
and 4 - 5  msec fo r  th e  PAD produced by muscle a f f e r e n t  v o lle y s ;  and 
th e re  a re  o th e r  f e a tu re s  o f p o ly sy n ap tic  pathways such as  tem poral 
and s p a t i a l  f a c i l i t a t i o n ,  p o s t - te ta n ic - p o te n t ia t io n  and d ep ress io n  
during  r e p e t i t iv e  s t im u la t io n . These p ro p e r t ie s  w i l l  now be demon­
s t r a t e d .  Muscle a f f e r e n t  v o lley s  w i l l  be used because th e  syn­
chronous cutaneous v o lle y s  evoked by e l e c t r i c a l  s tim u la tio n  e x c ite  
th e  in te m e u ro n a l pathways so e f f e c t iv e ly  th a t  tem poral and s p a t i a l  
f a c i l i t a t i o n  can norm ally not be shown*
(l)  Temporal f a c i l i t a t i o n * The e f fe c t iv e n e s s  o f tem poral
f a c i l i t a t i o n  on th e  d o rsa l ro o t p o te n t ia l  (DRP) i s  observed in  Fig* 
21 . Only a very  sm all DRP (46 jL£V) was evoked by a  s in g le  PBST v o l­
le y ,  b u t two and th re e  were much more e f f e c t iv e  (216 and 290 jL£V) •
The a d d i t io n a l  d e p o la r iz a tio n s  produced by th e  second and th i r d  
v o lle y s  were thus much l a ig e r  th an  th a t  produced by th e  f i r s t ,  which 
can be tak en  to  in d ic a te  th a t  th e se  v o lle y s  had a c t iv a te d  more o f th e  
d e p o la r iz in g  synapses on th e  prim aiy  a f f e r e n t  f i b r e s .  A pparently  
tem poral f a c i l i t a t i o n  was o p e ra tiv e  a t  sy n ap tic  re la y s  on th e  p a th ­
way so th a t  a d d i t io n a l  in te m e u ro n e s  were a c t iv a te d  by th e  second 
and th i r d  v o l le y s .  In  c o n tra s t  to  t h i s  o v e rt f a c i l i t a t i o n  w ith  th e  
PBST v o l le y s ,  th e  responses to  PDP v o lle y s  in  F ig . 21 can be a t t r i b -
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uted simply to the effects of summation by repetitive bombardment 
of the same synapses that were activated by the first volley, the 
respective DRPs being 148 /IV for one, 274 /iV for two and 292 /fV 
for three. These observations on DRPs match those already reported 
(Eccles, Magni and Willis, 1962) using other methods for demon­
strating the PAD.
The time course of the facilitation process is illustra*- 
ted in Fig, 22, where it is seen to be maximum with an interval of 
about 2 msec between the two afferent volleys, and to reverse to 
depression at intervals of 20 msec or more. The decline at briefer 
intervals than 2 msec is cf course attributable to refractoriness of 
the afferent nerve fibres, while the decline from 2,5 to 20 msec 
corresponds to that observed with synaptic facilitation on moto- 
neurones•
(2) Spatial facilitation. Favourable conditions for demon­
strating spatial facilitation are less frequently encountered. 
However, it has been observed when testing for the excitability of 
the central terminals of muscle afferent fibres (Eccles, Magni and 
Willis, 1962)* Fig, 23 gives an example of spatial facilitation of 
the EPSP depressions produced by afferent volleys in two different 
nerves. Thirteen (ST + PDP) volleys at 300/sec produced the EPSP 
depression curve shown by the plotted points. Similar conditioning 
volleys in either the ST or PDP nerves were employed to depress the 
same EPSP, which was however only tested at 2 mseo after the end of 
the tetanus. The two vertical lines at this time show the extreme 
range of the six separate tests for the PDP and ST volleys alone.
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The arrow s denote th e  mean EPSP d e p re ss io n s , which were 14*1$ fo r  
13 PDP v o l le y s ,  8 .2 $  f o r  13 ST v o lle y s  and 31 .4$  a t  th e  same 
in te r v a l  a f t e r  th e  combined co n d itio n in g  v o l le y s .  E v id en tly  
s p a t i a l  f a c i l i t a t i o n  had in c reased  th e  d e p re ss io n  to  th e  combined 
v o lle y s  so th a t  i t  was about 40$ above the  sum of th e  independent­
ly  a c t in g  v o l le y s .  Presumably t h i s  in c re a se  in  p re sy n ap tic  in h ib ­
i t i o n  o ccu rred  because  o f th e  d isch arg e  o f in te rn eu ro n es  th a t  were 
in  th e  su b lim in a l f r in g e s  o f  a c t iv a t io n  by th e  th i r t e e n  PDP and by 
th e  t h i r t e e n  ST v o lle y s  ( c f .  Creed, Denny-Brown, E c c le s , L id d e ll 
and S h e rr in g to n , 1932)• There have been s e v e ra l  o th e r  motoneurones 
in  which EPSP d ep ress io n  d isp la y ed  t h i s  type o f  s p a t i a l  f a c i l i t a ­
t io n .
(3) P o s t-T e tan ic  P o te n t ia t io n . I t  has been a lread y  b r i e f ly
re p o r te d  th a t  a f t e r  prolonged te ta n iz a t io n  o f th e  c o n d itio n in g  
pathway th e re  was a  p o s t - te ta n ic  p o te n t ia t io n  o f p re sy n ap tic  in h ib ­
i t i o n  (E cc le s , E cc les  and Magni, 1961; E c c le s , Magni and W il l i s ,  
1962), and th a t  th e  m agnitude o f  th e  p o te n t ia t io n  had an in v e rse  
r e la t io n s h ip  to  th e  s iz e  o f  th e  uncond itioned  re sp o n se . In  F ig .  24 
th e re  i s  a p a r t i c u la r ly  convincing  i l l u s t r a t i o n  o f t h i s  d if f e r e n ­
t i a l  p o te n t ia t io n .  As shown in  the  specimen reco rd s  (CON in  A and 
B) , a  s in g le  Group I  PDP v o lle y  (b) evoked a  much l a r g e r  DRP and P- 
wave th a n  a s in g le  PBST v o lle y  ( c f . F ig . 21) • However, a f t e r  a  
c o n d itio n in g  te ta n u s  (300 /sec  f o r  15 s e c ) , th e  PBST response  was so 
much more p o te n tia te d  th a n  the  PDP response  in  B th a t  m om entarily 
( a t  8 sec p o s t - te ta n ic a l ly  in  A) i t  was alm ost as e f f e c t iv e  a s  th e  
PDP v o lle y  (B a t  6 sec) in  producing a DRP, as  may be seen  in  th e
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p lo t te d  measurements in  Fig* 24 C. About one m inute l a t e r  th e  
e f fe c t iv e n e s s  o f  th e  PBST v o lle y  had f a l l e n  to  i t s  i n i t i a l  low 
le v e l .  T his com parative t e s t  o f  p o te n t ia t io n  of th e  p re sy n ap tic  
in h ib i to r y  a c tio n s  o f  PDP and PBST v o lle y s  p ro v ides f u r th e r  e v i­
dence fo r  th e  e x is te n c e  o f sy n ap tic  re la y s  on th e  pathways prod­
ucing  th e  DRPs and P-waves* In  c o n tra s t  to  th e  PDP pathway, most 
o f  th e  r e la y s  on th e  PBST pathway must be su b lim in a lly  a c t iv a te d  
by a s in g le  v o lle y ; hence th e  l a r g e r  p o s t - te ta n ic  p o te n t ia t io n s  
in  A th a n  fo r  th e  PDP resp o n ses  in  B. A s im ila r  d if fe re n c e  in  
degree o f  p o te n t ia t io n  o f th e  responses to  PBST and PDP v o lle y s  
has been observed in  o th e r  experim ents, and corresponds to  th e  
d if fe re n c e s  in  tem poral f a c i l i t a t i o n  i l l u s t r a t e d  in  F ig . 21 .
(4) D epression  during  R e p e titiv e  S tim u la tio n . I n  F ig . 22 i t
has a lre a d y  been dem onstrated  th a t  the tem poral f a c i l i t a t i o n  o f th e  
DRP g iv e s  p lace  to  d ep re ss io n  when the  in te r v a l  between th e  two 
a f f e r e n t  v o lle y s  i s  in c reased  above 20 m sec. T h is  d e p re ss io n  o f 
th e  t e s t i n g  DRP has th e  c h a r a c te r i s t i c  tim e cou rse  o f p re sy n ap tic  
in h ib i t io n  (F ig s .  15, 1 6 ). Two f u r th e r  o b se rv a tio n s  on th e  dep res­
s io n  o f DRPe du rin g  prolonged r e p e t i t iv e  s t im u la tio n  w i l l  now be 
m entioned.
At any frequency o f  a c t iv a t io n  th e  DRP ra p id ly  a t ta in e d  
a  maximum, as  may be seen w ith  th e  DRPs in  th e  lower t r a c e s  o f  F ig . 
25 A, B over a  ve ry  wide range o f  f re q u e n c ie s . The upper t r a c e s  
a re  P-waves th a t  a re  shown as m irro r  images o f the co n v en tio n a l 
arrangem ent in  o rd e r  to  i l l u s t r a t e  the v e iy  c lo se  p a r a l l e l  w ith  th e  
DRPs a t  a l l  f re q u e n c ie s . In  C the maximum p o te n t ia ls  f o r  bo th  the  
DRPs and th e  P-waves a re  p lo t te d  a g a in s t th e  s tim u lu s  freq u e n c ie s
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for the series partly illustrated in A and B. Evidently at very 
high frequencies there is still an effective summation of the 
DRPs produced by the successive volleys*
An extreme example of responses evoked by repetitive 
stimulation is provided by the DRPs of Fig. 26 D and H, where stim­
ulation at 220/sec was continued for over 3 sec. The stimuli were 
initially about 50$ above maximum Group I so that maximal Group I 
excitation of the PDP and PBST nerves continued throughout the 
whole tetanus. There would be no significant complication by the 
considerable contamination of the volleys by Group II impulses, 
because Group II impulses are relatively ineffective in producing 
DRPs (Eccles, Schmidt and Willis, 1962b) • In Fig. 26 the DRPs 
rapidly declined from the initial maximum, but, after about 0*8 sec, 
a plateau was attained which declined veiy little during the sub­
sequent period of tetanization, as is illustrated by tetani of vary­
ing duration in A - C and E - G. A steady state of depolarization 
was reached, with a continued level of DRP at about 35 to 50$ of 
the initial maximum. A consequence of this steady level of depol­
arization has already been reported by Eccles, Eccles and Magni 
(1961) in investigations of EPSP depression, which was sometimes 
maintained at a steady level for up to 60 sec. Very similar records 
to those displayed in Fig. 26 were obtained when cutaneous nerves 
were stimulated with prolonged tetani.
D. INTERNEURDNES ON THE PATHWAY OF PRIMARY AFFERENT 
DEPOLARIZATION.
The results reported above led to the postulate that the
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PAD is generated by the action of interneuronal pathways. It was 
pointed out, that Group la, Group lb and cutaneous fibres each form 
a distinct system when defined in terms of the depolarizing action 
exerted on them (cf. Pig. 55) . There is some interaction between 
these systems, particularly between the lb and the cutaneous. Thus 
it would be expected that at least three interneuronal systems are 
responsible for the PAD of these fibres. The aim of the investiga^ 
tions described below was to search for interneurones that can be 
classified as belonging to one or other system by virtue of the 
field from which they receive their synaptic excitation.
(l) Cells on the Intemeuronal Pathway Activated by Cutan­
eous Afferent Fibres. The first relay cells have already been ex­
tensively described and illustrated, belonging as they do to the 
type C of intemeurones (Hunt and Kuno, 1959; Wall, 1959, 1960; 
Kbstyuk, 1959, 1960; Eccles, Eccles and Lundberg, 1960; Armett,
Gray and Palmer, 1961) • In addition to monosynaptic activation by 
low-threshold cutaneous fibres it was also reported that type C 
neurones were often activated by high-threshold muscle afferents, 
but not by Group I afferent fibres. Possibly both the two subtypes, 
CT (the ipsilateral tract cells) and CN (the intemeurones) could 
be the first relay cells of the cutaneous pathway giving primary 
afferent depolarization; the axons of the tract cells may give col­
laterals, which have connexions similar to the CN cells. Both 
types of cells are remarkable for their rapid repetitive responses 
to single cutaneous volleys. There have been 31 type C cells in 
the present series, which are additional to the 33 reported by
-  48 -
Eccles, Eccles and Lundbeig (i960) from this laboratory. Fig, 27 
shows responses of a C type cell to volleys produced by various 
strengths of stimulation of the superficial peroneal nerve. With 
stimuli of 1,35 times threshold or stronger the spike responses 
were followed by small irregular EPSPs, which signal delayed ex­
citatory synaptic actions (see Hunt and Kuno, 1959; Wall, 1959),
With stimuli of several times threshold strength much of this delay 
is explicable by the longer conduction time of the high-threshold 
afferent fibres, but it seems likely that a relay through inter- 
neuronal pathways also is a contributoiy factor. Possibly the 
very delayed responses of C type cells that are evoked by high- 
threshold muscle afferents (see Eccles, Eccles and Lundbeig, I960) 
are also due to interneuronal relays as well as to the long conduc­
tion times.
Since the central latency for the depolarization of cut­
aneous afferent fibres is usually 2 - 3  msec (Figs. 1, 6, cf. also 
Kbketsu, 1956b; Eccles and Kmjevid', 1959a; Eccles, Magni and 
Willis, 1962), it would be expected that there would be at least 
two intemeurones in serial order on the central pathway, i.e. that 
the C neurones would activate another set of intemeurones which we 
may call D neurones, and that these in turn would cause the PAD. 
Eccles, Eccles and Lundberg (i960) reported that almost 30 inter­
neurones could not be classified into the A, B or C types because 
they were not mo no synaptic ally activated by volleys in any of the 
muscle or cutaneous nerves prepared for stimulation. In the present 
series of almost 100 intemeurones there have been 32 in this cate-
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gory. Seven of them exhibited properties that would be expected 
for the D neurones producing the PAD of cutaneous afferent fibres; 
they were strongly excited by volleys in all three cutaneous 
nerves (SU, PT, and SP) and also by Group II and III Impulses from 
several muscle nerves.
Fig* 28 gives an example of a D type cell with proper­
ties appropriate for the cutaneous PAD pathway. It is remarkable 
for the extremely high rate of discharge, up to 1250/sec, in res­
ponse to single volleys from cutaneous nerves. Despite this very 
intense stimulation the central latency of the first discharge was 
never below 1*5 msec for the PT nerve and 2.0 msec for the SÜ and 
SP nerves, which is sufficiently long for disynaptic activation 
through such powerful pathways. The cell of Fig. 28 was also re­
markable for the intensity of activation from Group II and III 
volleys from several muscle nerves, particularly from PDP and FDHL- 
PL* There was no activation from any of the Group I muscle affer­
ent volleys and even a Group II volley from SMAB nerve evoked only 
a single discharge, while a GS Group II volley was ineffective.
It is evident that intemeuronal discharges with the temporal 
characteristics of those in Fig. 28 would be ideally suited to prod­
uce a PAD having the observed latency of 2-3 mseo and a time to 
summit of 7-20 mseo.
Six of these seven D cells were at the same region in 
the base of the dorsal horn at a depth of 1*65-2.5 mm from the dor­
sal surface. The remaining one was at 3.15 mm, which is probably 
too deep for intemeurones acting on the terminals of cutaneous
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afferent fibres. No intemeurone or tract cell that was monosynap- 
tically activated by cutaneous fibres was deeper than 2.6 mm in the 
total of 64 (Eccles, Eccles and Lundberg, 1960 and the present re­
sults) , and only two were deeper than 2.5 mm. There is good agree­
ment with Armett, Gray and Palmer (1961), who found that the 
deepest C type cell in a total of over 30 was at 2*5 mm, at the 
level. A similar location has been observed by Wall (i960) for 45 
C type cells in the lumbar enlargement. From these observations it 
can be concluded that the deepest penetration of the oentral termin­
als of cutaneous fibres is at 2.5 mm below the cord dorsum at the Lg 
and L? segmental levels.
D type cells were also found in the cuneate nucleus. An 
example is illustrated in Fig. 29. A single volley in each of the 
three cutaneous and mixed nerves U, SR and M evoked a repetitive 
discharge of 3 to 6 spikes, the M being most potent (c). A single 
shock to the sensori-motor cortex (in D) produced no response but 
two shocks (in E) evoked two spikes with a long latency and three 
shocks (in F) three spikes with a considerably reduced latency. For 
an interneurone lying on the pathway of PAP this response pattern 
would be predicted from the observation that only short tetanic 
stimulation of the sensori-motor cortex produces an appreciable PAP 
in the cuneate nucleus (Fig. 7), whereas single cutaneous volleys 
are vexy effective (Figs. 6 and 7).
(2) Cells on the intemeuronal Pathway Activated by Group I
Ifoiscle Afferents of Flexor Muscles. The Group la fibres receive
their depolarization almost exclusively from the Group I fibres of
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flexor muscles (cf♦ Fig. 55)• The cells on the pathway for the 
production of PAD of Group la fibres should therefore form a dis­
tinct group of interneurones. Presumably the first synaptic relay 
would be from the Group I afferent fibres from muscle on to the A 
and B cells of the intermediate nucleus, for these are the only 
intemeurones exhibiting monosynaptic excitation (Eocles, Fatt and 
Landgren, 1956; Eccles, Eccles and Lundberg, I960). As yet spec­
ialized categories of these cells have not been recognized, though 
it is assumed that some are purely inhibitory cells concerned in 
the inhibition of motoneurones and doubtless of other neurones. It 
would be expected that the first relay cells on the pathway of the 
PAD of Group la muscle afferents would be activated by Group I vol­
leys from PBST and PDP nerves; and in the present study the 30 
cells of type A or B included 8 that were monosynaptically activa­
ted only by the Group I fibres of the PBST or PDP nerves. Respon­
ses of such specifically activated intemeurones have already been 
illustrated by Eccles, Eccles and Lundbeig (1960, Figs. 5 and 7).
Several criteria should be satisfied by intemeurones 
before it becomes likely that they occupy the second or later 
places of the serial order in the polysynaptic PAD pathway to Group 
la muscle afferents. First, they must be specifically activated by 
the Group I volleys from flexor muscles (PDP and/or PBST) and not 
from extensor muscles, and the latent period of activation must be 
too long to be monosynaptic. Secondly, they must not be activated 
to any appreciable extent by Group II or III afferent impulses from 
muscles or by afferent volleys from cutaneous nerves. Thirdly, pro-
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longed tetaniz&tion of the PBST or PDP nerves must evoke continued 
discharge of these intemeurones, though not necessarily at the 
same frequency as at the onset. Five of the 32 type D intemeur­
ones satisfied these rather rigorous criteria, though in one there 
was an appreciable Group II excitatory action from PBST in addition 
to the Group I action. All five were at a depth of 2.0 - 2«4 mm.
The intemeurone illustrated in Fig. 30 was excited poly- 
synaptically only from PBST and to a veiy snail extent from SMAB. 
With repetitive stimulation of the PBST nerve at 265/sec in Fig. 30 
A there was a single response at the low strength of 1.2 times 
threshold, and with increasing stimulus strength there was an in­
crease in the number of responses until the stimulus was maximal 
for Group I at 2.0 T. Further increase to a stimulus strength of 
6 T, which would be almost maximal for Group II, caused virtually no 
increase in the number or frequency of the responses. In Fig. 30 B 
increasing the frequency of stimulation at strengths supramaximal 
for Group I (2.15 T) gave an increase in the number of discharges 
which corresponded closely to the observed effect of frequency on 
the intensity of the EPSP depression that is attributable to the 
presynaptic depolarization (Eccles, Eccles and Magni, 1961, Fig. 8). 
It is further shown in Fig. 30 C that the intemeurone discharged 
throughout a PBST tetanus at 300/sec for 0.34 sec, the discharge 
reaching a steady frequency of about 80/sec during the latter half 
of the stimulation, which corresponds to observations of the level 
of EPSP depression that is maintained during prolonged stimulation 
(Eccles, Eccles and Magni, 1961, Fig. 7) and which parallels the
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time course of the DRP during prolonged stimulation (Fig* 26) • It 
is also seen in Fig* 31 C that a few discharges were evoked by a 
SMAB tetanus, while prolonged tetanization of other muscle nerves 
did not evoke a single discharge*
No systematic attempt has been made to identify inter­
neurones on the pathway to Group lb afferent fibres from muscle.
Such a search would require selective stimulation of lb afferent 
fibres of flexor and extensor muscles. Obviously this cannot be 
achieved with electrical stimulation of nerve trunks*
E . DISCUSSION
The main conclusions from the investigations reported in 
this section aret (i) that presynaptic inhibition operates through 
polysynaptic pathways which include at least 2 intemeurones in 
series; and (ii) that there are several more or less independent 
neuronal systems that produce presynaptic inhibition. One of these 
systems is virtually restricted to Group I muscle afferents of 
flexor muscles, another includes mainly the cutaneous afferents 
with the probable addition of other flexor reflex afferents. It is 
also activated by Group lb afferent volleys (cf. Fig* 55). A third 
system, that of the Group lb fibres, is described elsewhere (Eccles, 
Schmidt and Willis, 1962b)•
The intemeuronal pathway which can be postulated for the 
cutaneous afferent system is diagrammatically illustrated in Fig. 31. 
The cutaneous afferent volley excites type C interneurones at the 
base of the dorsal horn, and these in turn activate D type interneur­
ones that make synaptic connections with the central terminals of
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primary afferent fibres. The foci of active depolarization so prod­
uced on cutaneous afferent fibres at a depth of about 2 mm would 
cause the flow of current giving the potential field and line of 
reversal illustrated in Fig. 20. Doubtless the C and D type inter­
neurones have also more complex paths of activation than the sim­
plest possible pathways in the diagram. The central connections of 
a Group lb, a Group II and a Group III afferent fibre from muscle 
are also shown in Fig. 31. Some uncertainty obtains for these path­
ways, but it has been found that these fibres can excite D cells 
that are activated by cutaneous impulses. The synaptic endings in 
Fig. 31 are shown on the collaterals of primary afferent fibres near 
their terminations in the base of the dorsal horn where they would 
be expected from the electrophysiological findings. Histological 
evidence for such synapses upon synapses has meanwhile been reported 
by several observers (Gray, 1962; Kidd, 1962; Szentagothai, personal 
communication to Professor Eccles) •
Fig. 32 gives likewise diagrammatically the postulated 
intemeuronal pathway concerned in the depolarization of Group la 
afferent fibres from muscle. In the diagram there are two Group la 
fibres and one Group lb • The Group lb and one Group la fibre are 
shown making synaptic contacts with a B cell and an A cell, respec­
tively, in the intermediate nucleus, which in turn have synapses on 
a D cell that sends branches to establish synaptic contacts on the 
central terminals of the other la fibre in the motoneuronal nucleus. 
Active depolarization at these zones is indicated by the field poten­
tials (Fig. 19, cf. also Eccles, Magni and Willis, (1962) Fig. 7B)
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and by the excitability teats (Figs, 18 and 19)• As in Fig. 31, 
the connections illustrated in Fig. 32 are the simplest possible.
This diagram does not for instance include a pathway for the depol­
arization of lb afferent fibres by other lb afferent fibres both 
from flexor and extensor muscles (Eccles, Schmidt and Willis, 1962b).
The D type intemeurones that have properties appropriate 
for intemeurones on the pathway activated by Group I fibres from 
flexor muscles (Fig. 30) appear to be veiy different from those 
that are likely to be D type cells on the pathway from the cutan­
eous afferents (Figs. 28 and 29) . However, much more investigation 
is required before any conclusions can be reached on the properties 
and on the locations of the intemeurones of the systems that are 
concerned in PAD. At least it has been shown that there are in the 
spinal cord intemeurones with properties that would be expected 
for intemeurones on the pathway of presynaptic inhibition.
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V. PROPERTIES OF THE PRESYNAPTIC 
INHIBITORY SYNAPSE
A. THE MODE OF OPERATION OF THE SYNAPTIC MECHANISM 
PRODUCING PKESYNAPTIC INHIBITION
(3.) Introduction* The investigations on presynaptic inhibition
have led to the postulate that the presynaptic nerve terminals of 
primary afferent fibres have receptor sites for the synapses of the 
presynaptic inhibitory system that impinge on them. It is postula­
ted that release of transmitter at these synapses is responsible for 
the PAD recorded inside primary afferent fibres. The two preceding 
sections dealt (i) with the conditions under which PAD occurs in 
cutaneous afferent fibres, (ii) with the inhibitory actions so prod­
uced and (iii) with the pathways of the presynaptic inhibitory sys­
tems operating on cutaneous and muscle afferent fibres. The 
following section describes experiments which were designed to ex­
plore the mode of operation of the postulated presynaptic synapse 
upon synapse. On analogy with other depolarizing synapses, it would 
be expected that the depolarizing mechanism would have an equilibrium 
potential; and, on displacement of the membrane potential beyond this 
equilibrium potential, the synaptic mechanism would be transformed to 
have a hyperpolarizing action. Therefore, the changes of the PAD 
were observed when the membrane potential was displaced from its 
resting level by polarizing currents applied aoross the cord and by 
the after-depolarization (ADP) and after-hyperpolarization (AHP) 
following stimulation. Finally an account will be given of experi-
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ments which demonstrated that the amplitude of the action potential 
spike in a primary afferent fibre is reduced during the PAD and 
evidence will be presented that this reduction in spike size re­
sults in a decreased transmitter output*
(2) The Effect of Polarization of Primary Afferent Fibres.
Polarization by electrical currents* In these experiments polariz­
ing current was applied through two silver-silver-chloride elec­
trodes covered by a thin layer of cotton thread soaked in agar- 
Ringer-Locke solution. The dorsal electrode was situated medial to 
the dorsal root entrance; the ventral electrode was just lateral 
from the ventral roots. In order to minimize the blocking of im­
pulse conduction in the dorsal parts of the afferent fibres and also 
to increase the polarizing effect of the current on the afferent 
terminals in the motor nucleus region, the dorsal electrode had a 
much larger surface than the ventral one (Fig. 33) , so that the 
current density was higher in the ventral part of the spinal cord 
than in the dorsal* Batteries provided the current source and the 
current was switched on and off manually. On a few occasions cur­
rent pulses with durations of 0*3—1*0 sec were delivered from a 
Grass Stimulator. Currents up to 1 mA have been passed in both 
directions without appreciable polarization of the electrodes* 
Usually, however, currents in excess of 0*5 mA have been avoided be­
cause such currents caused distortion of the results by conduction 
block in the primary afferent fibres. A similar method of polariz­
ation has previously been used for studying changes in ventral root
potentials (Semenyutin, I960) and monosynaptic reflexes (Frank and 
Gerard, 1951),
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F ig . 34 B shows in t r a c e l lu l a r  re c o rd s  from a primary- 
a f f e r e n t  f ib r e  s i tu a te d  about 0*5 mm below th e  d o rsa l su rfa ce  o f 
th e  c o rd . C urren ts  o f  v a ry in g  s tre n g th s  in  one o r th e  o th e r  d i r ­
e c tio n  were a p p lie d  between th e  two p o la r iz in g  e le c tro d e s  ( c f .
Fig* 3 3 ), each c u rre n t s te p  l a s t in g  fo r  s e v e ra l  seconds• The am­
p l i tu d e  o f  th e  sp ike  p o te n t ia l  fo llow ed alm ost l in e a r ly  th e  amount 
o f p o la r iz in g  c u rre n t (F ig . 34 A ), excep t f o r  th e  very  low v a lu e  a t  
-0*5 m k. T h is c u rre n t may have caused b lockage o f th e  im pulse a t  a  
node ju s t  b e fo re  i t  reached  th e  s i t e  o f im palem ent. The membrane 
p o te n t ia l  changes which were a s s o c ia te d  w ith  th e se  changes in  sp ike 
p o te n t ia l  am plitude were more d i f f i c u l t  to  e v a lu a te , s in ce  they  were 
d is to r te d  by th e  la rg e  f i e l d  p o te n t ia l s  c re a te d  by th e  c u r re n t;  
th e r e f o r e ,  th e  sp ik e  p o te n t ia l  was used a s  an in d ic a to r  o f th e  
changes in  membrane p o te n tia l*
I t  would be expected th a t  changes in  th e  membrane poten­
t i a l  o f a  nerve f ib r e  would be accompanied by changes in  th e  th r e s ­
hold  f o r  e l e c t r i c a l  s tim u la tio n  (see W all, 1958). Indeed, i t  was 
observed th a t ,  when th e  p o la r iz in g  c u rre n t was a p p lie d  w ith  the  
p o s i t iv e  e le c tro d e  on th e  cord  dorsum, th e re  was a d ecrease  i n  ex­
c i t a b i l i t y  o f th e  prim ary a f f e r e n t  f ib r e s  i n  th e  re g io n  o f  th e  dor­
s a l  ro o t e n try  zone down to  as low as  4&/o o f th e  c o n tro l ;  hence i t  
can be in fe r r e d  th a t  th e re  was a c o n sid e ra b le  in c re a se  in  membrane 
p o te n t i a l ,  an e f f e c t  which c o r r e la te s  w e ll w ith  th e  in c re a se  in  
sp ik e  p o te n t ia l  observed under s im ila r  c o n d itio n s  in  F ig . 34. Simi­
l a r l y ,  when th e  d o rs a l  cord  e le c tro d e  was n e g a tiv e , th e  in c re a se  in  
e x c i t a b i l i t y  o f up to  150°/o o f th e  c o n tro l  in d ic a te d  a  d e p o la r iz a t io n
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th a t  c o r re la te s  w e ll w ith  th e  decreased  sp ike  to  th e  r ig h t  o f F ig .
34. I t  can be concluded th a t  when c u rre n ts  a re  passed in  e i th e r  
d i r e c t io n  across the  co rd  th e  e x c i t a b i l i t y  changes can be employed 
a s  an index o f charges in  th e  membrane p o te n t ia l .
In  Fig'. 35 A-C a s tim u la tin g  e le c tro d e  was in s e r te d  in to  
th e  gastrocnem ius m otor nucleus and th e  an tid rom ic sp ike  in  th e  
prim ary a f f e r e n t  f ib r e s  was recorded  from th e  gastrocnem ius n e rv e .
In  A a re  specimen re c o rd s  from th e  c a l i b r a t io n  s e r ie s  o f th e  sp ik es  
evoked by b r i e f  p u lses  o f  in c re a s in g  v o lta g e  as in d ic a te d .  In  th e  
B s e r ie s  the  stim ulus was kep t c o n s ta n t a t  85 V, and th e  cord  was 
p o la r iz e d  w ith  s teady  c u rre n ts  o f  v a r io u s  s t r e n g th s ,  as in d ic a te d  
on each specimen re c o rd . In  C th e  approxim ate e x c i t a b i l i ty  changes 
o f th e  com plete s e r ie s  a re  p lo t te d  a g a in s t  the  s tr e n g th  and d i r e c t io n  
o f th e  p o la r iz in g  c u r r e n t .  The d i r e c t io n  o f  th e  c u r re n t  which caused 
a h y p e rp o la r iz a tio n  and an a s so c ia te d  decrease  in  e x c i t a b i l i t y  o f  th e  
a f f e r e n t  f ib r e s  in  th e  d o rsa l p a r t  o f th e  cord  in c re a se d  the  e x c ita ­
b i l i t y  o f  th e se  f ib r e s  in  the v e n tr a l  horn , th u s  dem onstrating  a 
d e p o la r iz a t io n  th e re  ( c f .  F ig . 3 3 ). The re v e rse  changes were prod­
uced by re v e rs in g  th e  d i r e c t io n  o f  th e  p o la r iz in g  c u r r e n t .  The 
e x c i t a b i l i t y  changes observed i n  th e  v e n tr a l  horn v a r ie d  co n sid e rab ly  
w ith  th e  p o s i t io n  o f th e  s tim u la tin g  e le c tro d e . O ften  se v e ra l a d ju s t­
ments were n ecessa iy  b e fo re  in c re a s in g  stim u lu s  s tre n g th  gave a  s u i t ­
ab ly  graded in c re a se  in  th e  p o p u la tio n  o f  a f f e r e n t  f ib r e s  e x c ite d  
( c f .  F ig . 35 A) to g e th e r  w ith  a smoothly graded  s e r ie s  o f responses 
to  v a r ia t io n s  i n  p o la r iz a t io n  (F ig . 35 B, C) •
The d u ra tio n  o f  th e  p o la r iz in g  c u rre n t d id  no t in flu en c e
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the results appreciably. For example, Fig. 35 D shows specimen 
records of an experiment where the stimulating pulse was timed 250 
msec after the onset of the polarizing current. The results were 
essentially the same as in the experiment of Fig. 35 A-C, where the 
polarization always lasted several seconds before stimulation.
This minimum time allowance of 250 msec was always made in order to 
avoid complications by excitability changes resulting from any 
excitation of the fibres at the onset of the polarizing currents.
In general, the change in excitability for any given amount 
of current was smaller in the ventral horn than in the dorsal parts 
of afferent fibres. It would be expected that, on account of its 
large surface area, the teiroinal ramification of an afferent fibre 
in the ventral horn would offer a considerably lower resistance than 
the myelinated dor sally-lying segment of the same fibre. Consequent­
ly, the membrane potential and excitability changes produced by a 
given current would be smaller in the ventral ramification.
After these encouraging results the membrane potential of 
primary afferent fibres was altered by electrical currents during 
the PAD. On the hypothesis that the PAD is produced by a synaptic- 
ally induced depolarization of the central terminals of the afferent 
fibres, it might be anticipated that there would be a mirror image 
relationship of the changes produced by applied currents in 
either direction. With the dorsal electrode negative, the increased 
polarization of the terminals would be expected to result in an in­
crease of the synaptic depolarization and a larger DBP, whereas the 
reverse would be expected with the dorsal electrode positive. If a
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sufficient depolarization of the terminals could he produced in this 
way, the DRP recorded from an isolated dorsal rootlet would be 
changed in sign to a positive potential. This reversal has never 
been observed, though it was relatively easy to produce a large 
decrease in the DRP and even to reduce it to zero, a result which 
may mean merely that the polarizing current blocked the intramedul­
lary transmission of the impulses that generate the DRP. It was 
also not possible to increase the DRP when the polarizing current was 
reversed. Do explanation can be offered for the failure to increase 
the DRP, but the effect may be comparable to that observed with moto- 
neurones where hyperpolarization usually failed to cause an increase 
in the EPSP though the membrane potential was displaced further from 
the equilibrium potential for the EPSP (Eccles, 1957, 1961b; Curtis 
and Eccles, I960) . Possibly also the polarizing currents may cause 
depression of synaptic transmission along the presynaptic inhibitory 
pathway.
In summary it can be stated that the action of polarizing 
currents across the spinal cord was rather indecisive, and does not 
provide strong evidence that the presynaptic depolarization is due 
to an ionic mechanism with an equilibrium potential. On the other 
hand it is not inconsistent with this explanation if subsidiary 
assumptions are made.
Effect of After-Depolarization and After-Hyperpolarization. 
A less ambitious method of changing the membrane potential of the 
primary afferent terminals is to use the potential changes produced 
during after-hyperpolarization (AHP) and after-depolarization (ADP) •
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It has already been suggested that the increase in the PAD of an 
afferent fibre following its tetanization is sufficiently explained 
by the aft er-hyperpolarization (Eccles and Kmjevi<i, 1959a) • The 
intracellularly recorded PAD of Group I muscle afferent fibres was 
found to be even more than doubled in size (Eccles, Magni and 
Willis, 1962) and a similar increase of the DRP was shown in Fig*
24; hence it might be inferred that the after-hyperpolarization had 
more than doubled the separation of the membrane potential from the 
equilibrium potential for the ionic mechanism producing the PAD* 
However, the rising slope of the PAD was never increased as much as 
the height of the PAD, and was sometimes even decreased. The large 
increase in height was mainly due to the longer duration of the 
rising phase, which was invariably observed (Figs. 24, 37 A, D; cf* 
also Eccles, Magni and Willis, Fig. 18). Following a standard con­
ditioning tetanus of about 300/sec for 15 sec the steepness of the 
rising slope of the PAD varied from 89 to lZ&fo of the control value 
in different experiments. Thus the increase in membrane potential 
brought about by after-hyperpolarization caused no more than a small 
increase in the currents generated by the presynaptic depolarizing 
synapse, which indicates that on the average the after-hyperpolariz­
ation increased by about 30^ the potential drive generating the 
currents*
Excitability testing shows that the AHP of the nerve 
teiminals is larger than in the main shaft of the fibres (Wall and 
Johnson, 1958) ; nevertheless it would not be expected to be in ex­
cess of ID mV, for with intrafibre recording it was seldom more than
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5 mV (Eccles and Krajevi<$, 1959a,b) . The equilibrium potential for 
the PAD would therefore probably be at a depolarization of at least 
30 mV relative to the resting membrane potential.
(3) Interaction Between the Primary Afferent Depolarization
of a Fibre and its Action Potential. The PAD recorded intracellu­
lar ly from an afferent fibre can be subjected to the action of an 
impulse propagating down that fibre to its central terminals.
Under such conditions the propagating impulse might be expected to 
erase all electrotonic potentials in the fibre (cf. Curtis and 
Eccles, 1959; Eccles, 1961b,c; Eccles and Malcolm, 1946) • There­
fore it is of interest to observe its action oryfche PAD.
In Fig. 36 A-E are specimen records showing the effect of 
superimposing an action potential at various times during the PAD 
of a Group la nerve fibre. A small ADP and later AHP followed the 
spike potential in the control record, F, but this single volley 
produced no detectable PAD. In the superimposed tracings (G) the 
ADP was occluded by the depolarization of the PAD, and was even 
reversed towards the summit of the PAD. The PAD failed to recover 
to its control level at all intervals after the interpolated action 
potential, the deficit being larger with interactions close to the 
summit of the PAD. However, the level of depolarization after the 
interaction was always larger than for the ADP and the subsequent 
hyperpolarization in Fig. 36 F, so it cam be presumed that a consid­
erable proportion of the PAD either survived the propagation of an 
impulse into the fibre terminals or was rebuilt afterwards. Some­
what comparable observations have been reported for the action of an
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in te rp o la te d  a f fe re n t  v o lle y  in  p a r t ly  d e s tro y in g  th e  BRPs recorded  
from a frog  d o rsa l ro o t (E ccles and Malcolm, 1946) , b u t th e  s i t u ­
a t io n  was more com plicated  because th e  in te rp o la te d  v o lle y  i t s e l f  
produced a  la rg e  DRP.
In  F ig . 37 the sm all ADP fo llo w in g  the  sp ike  (B) was a lso  
com pletely  occluded by th e  summit p o te n t ia l  o f th e  PAD (C) • Follow­
in g  te ta n iz a t io n  o f  th e  a f f e r e n t  f ib r e  under o b se rv a tio n  (300 /sec  
fo r  15 sec) the  PAD was in c reased  and prolonged (d) , and th e  ADP 
was g r e a t ly  in c reased  and prolonged (E) w ith  th e  consequence th a t  
i t  now added very  e f f e c t iv e ly  to  th e  d e p o la r iz a t io n  when superim­
posed on th e  PAD (F) • In  G-I the  in te r a c t io n  o f  th e  la rg e  ADP and 
th e  PAD was examined during  th e  e a r ly  s tag e  o f  d e c lin e  o f th e  AHP 
(mean va lue  2 .5  mV),
In  th i s  experim ent th e  same p o te n tia ls  were reco rded  th rough 
b o th  an AC (u p p e ^ ra c e s  in  F ig . 37) and a DC am plifier (low er t r a c e s )  , 
th e  l a t t e r  g iv in g  a lower a m p lif ic a t io n . Follow ing th e  c o n d itio n in g  
te ta n u s  th e  DC t r a c e  in  row D-F i s  seen  to  be d isp la c e d  downwards, 
r e l a t i v e  to  th e  re fe re n c e  p o s i t io n  o f  th e  AC t r a c e ,  which corresponds 
to  an a f t e r - h y p e rp o la r iz a tio n  o f  3 .5  mV. I t  should  be noted  th a t  the  
in c re a se  in  th e  ADP in  E f e l l  co n sid e rab ly  sh o rt o f b e in g  compensat­
ory fo r  th e  in c re ase d  membrane p o te n t ia l .  With s u p e rp o s itio n  o f the  
ADP on the  PAD in  F much b e t t e r  com pensation was ach iev ed .
( 4) Spike S ize  and T ra n sm itte r  R elease du rin g  Prim ary A ffe re n t
D e p o la r iza tio n  and E l e c t r i c a l  P o la r iz a t io n . Much low er a m p lif ic a t io n  
i s  re q u ire d  in  o rd e r  to  examine th e  e f f e c t s  o f th e  PAD on th e  sp ike 
p o te n t ia l  (F ig . 38, low er tra c e s )  , b u t th e  upper t r a c e s  o f  F ig . 38
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g iv e  h ig h e r a m p lif ic a tio n s  in  o rd e r  to  show th e  s iz e  and tim e course  
o f th e  PAD and ADP, which a re  reco rded  w ith  downward d isp lacem ents 
and show resp o n ses  resem bling  those  o f  F igs*  36, 37. C arefu l measure­
ments o f  many re c o rd s  showed t h a t ,  when superim posed on the  PAD, th e  
sp ik e  p o te n t ia l  was reduced  by an amount approxim ately  e q u iv a len t to  
th e  d e p o la r iz a t io n . T h is  was p a r t i c u la r ly  obvious when th e  PAD was 
in c re a se d  a f t e r  t e ta n ic  s t im u la tio n  (F ig . 38 C -F)• There was some 
v a r i a b i l i t y  i n  th e  amount o f  sp ik e  d e p re ss io n  r e l a t iv e  to  th e  PAD 
and q u i te  o f te n  th e  sp ik e  re d u c tio n  exceeded th e  PAD am plitude .
I t  has been p o s tu la te d  th a t  the  reduced  a c t io n  p o te n t ia l  
sp ik e  o f  prim aiy  a f f e r e n t  f ib r e s  during  PAD r e s u l t s  in  a  d im inished  
t r a n s m it te r  o u tpu t a t  t h e i r  te rm in a ls .  To t e s t  t h i s  assum ption th e  
in f lu e n c e  o f p o la r iz in g  c u r re n ts  on monosynaptic tra n sm iss io n  has 
been s tu d ie d  w ith  i n t r a c e l l u l a r  re co rd in g s  from 30 m otoneurones. The 
a p p l ic a t io n  o f  th e  c u rre n t has been shown in  F ig . 33. The changes o f  
th e  m onosynaptica lly  produced EPSP were measured and compared w ith  
th e  changes in  th e  an tid rom ic  sp ike  p o te n tia l*  In  a  few cases  the 
changes in  th e  membrane p o te n t ia l  o f th e  motoneurone were measured by 
s u b tra c t in g  the  i n t r a c e l l u l a r  p o te n t ia ls  from the  f i e l d  p o te n t ia ls  r e ­
corded w ith  th e  m ic ro e lec tro d e  ju s t  o u ts id e  th e  c e l l*
A ty p ic a l  experim ent i s  i l l u s t r a t e d  in  F ig . 39. A shows 
specimen re c o rd s  o f  EPSPs reco rd ed  in  a  motoneurone in n e rv a tin g  th e  
a n te r io r  b ic e p s  m uscle . CON i s  th e  c o n tro l  EPSP, whereas the o th e r  
EPSPs were reco rded  during  p o la r iz a t io n  o f  th e  cord  by c u rre n ts  o f  
th e  i n t e n s i t i e s  in d ic a te d  on each re c o rd . The com plete s e r ie s  i s  
p lo t te d  in  B, and shows an approx im ately  l in e a r  r e la t io n s h ip  o f EPSP
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to current* Current which depolarized the afferent endings (Fig* 35) 
decreased the EPSP size, whereas hyperpolarizing current increased 
the EPSP.
It is important to establish that these changes in the 
size of the EPSP were not a consequence of changes which the polariz­
ing current would produce in the motoneuronal membrane potential, for 
it has been shown that depolarization effects a decrease in the EPSP 
and hyperpolarization an increase (Coombls, Eccles and Fatt, 1955b)*
As was stated above, two methods were employed in assessing the 
effects of the polarizing currents on the motoneuronal membrane poten­
tial* In Fig. 39 C it is seen that the antidromic soma-dendritic 
spike potential (SD spike) was increased when the polarizing elec­
trode on the cord dorsum was positive, and decreased when it was 
negative. This indicates that in the former condition the motoneur­
onal membrane was hyperpolarized (as depicted in Fig. 33) , and in 
the latter depolarized. Similar changes were also observed on the 
few occasions when the motoneuronal membrane potentials were direct­
ly measured as described above. Thus the changes which the polariz­
ing current induced in the motoneuronal membrane potential would 
have an action on the EPSP opposite to that actually observed, as 
may be readily appreciated in Fig. 39. The observed effect of the 
polarizing current on the EPSP must therefore be produced by its 
action on the presynaptic terminals, their depolarization resulting 
in diminution of the synaptic excitatory action producing the EPSP, 
while the hyperpolarization caused an increase. The charge in the 
motoneurone membrane potential was small (£ 5 mv on the average), so
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allow ance fo r  i t s  in f lu e n c e  on the  EPSP s iz e  would in c re a se  th e  slope 
o f cu rves such as t h a t  o f  Fig* 39 B a t  th e  most by about 50$♦
In  th e se  experim ents a  d ecrease  in  th e  EPSP m ight a lso  be 
caused by a conduction  b lock  in  some of th e  f ib r e s  conveying the 
a f f e r e n t  vo lley *  T h ere fo re  an in c re a se  in  EPSP was th e  on ly  r e l i a b le  
in d ic a t io n  th a t  a l t e r a t i o n  in  th e  membrane p o te n t ia l  o f th e  presynap- 
t i c  te rm in a ls  e f fe c te d  a  change in  t h e i r  sy n ap tic  e x c ita to ry  ac tio n *  
However, in  most cases  conduction  b lock  could  e a s i ly  be d e te c te d  by 
th e  sudden decrease  b o th  o f  th e  EPSP s iz e  and o f th e  sp ike  p o te n t ia l  
o f th e  a f f e r e n t  v o lle y  reco rded  from th e  su rfa c e  o f  th e  co rd . When, 
as  in  F ig .  39 B, the p lo t te d  p o in ts  f o r  the  d im in ished  EPSP la y  on 
th e  same s t r a ig h t  l in e  a s  f o r  the  in c re a se d  EPSP, conduction  block 
need no t be co n sidered  f o r  t h i s  range o f p o la r iz in g  c u r re n ts .  Depol­
a r i z a t i o n  o f th e  p re sy n ap tic  te rm in a ls  was ju s t  as  e f f e c t iv e  in  dim­
in is h in g  t h e i r  sy n ap tic  e x c i ta to ry  a c t io n  as h y p e rp o la r iz a tio n  was 
in  in c re a s in g  i t .  Out o f  t h i r t y  m otoneurones, tw elve showed an in ­
c reased  EPSP o f  10-15$ o f  th e  c o n tro l  s iz e ,  e leven  showed an in c re a se  
o f  up to  10$ and th e  o th e r  seven motoneurones showed no a p p re c ia b le  
in c re a se  d u rin g  p o la r iz a t io n .  The maximal d ecrease  o f  the  EPSP which 
could  be achieved  b e fo re  the  o n se t o f conduction  b look was g e n e ra lly  
10 -  15$. In  a f u r th e r  fo u r te e n  motoneurones a  sp ik e  was superim ­
posed on th e  EPSP, so th e  s iz e  o f  th e  EPSP was measured by th e  slope 
o f  i t s  r i s i n g  phase . In  a l l  c a se s  th e  s teep n ess  in c reased  w ith  p re -  
sy n ap tic  h y p e rp o la r iz a tio n .
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(5) Discussion. Two quite separate but equally important find­
ings have emerged from this investigation into the synaptic mechanism 
of presynaptic inhibition: firstly, the PAD is diminished but not
destroyed by an interpolated afferent impulse; and secondly, depol­
arization of primary afferent fibres results in a diminished effic­
acy of their monosynaptic connections on motoneurones.
The simplest hypothesis to explain the first finding is 
that the interpolated impulse destroys all the PAD that is preformed 
in that fibre, but that subsequently the lingering transmitter re­
builds much of the depolarization. As would be expected, the 
rebuilding is seen to be very effective after the earliest interpol­
ation of the impulse in Fig. 36 G, and to be progressively less 
effective at longer intervals. Thus it would be envisaged that the 
transmitter continued to act throughout the whole duration of the 
PAD; consequently it is not necessary to postulate in addition that 
a large area of the surface membrane of the primary afferent fibre 
has a time constant hundreds of times longer than in peripheral med- 
ullated nerve fibres (Frankenhaeuser, 1957; Tasaki, 1955).
The production of the PAD can thus be attributed to the 
prolonged action of a chemical transmitter substance which operates 
in a manner comparable with other depolarizing transmitters, namely 
by effecting a high permeability to ions. The attempt to evaluate 
the equilibrium potential for this presumed ionic depolarizing pro­
cess was not successful. All that can be stated is that it is likely 
to be at least 30 mV depolarized in relation to the resting membrane 
potential.
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It may be added in parentheses, that it is remarkable that 
the time course of the PAD produced by a single volley was slowed 
during the aft er-hyperpolarization following a conditioning tetanus 
(Fig, 37 D) . Often the ADP was even more slowed (Fig* 37; Eccles 
and Kmjevi<f, 1959a, Fig. 9). Furthermore, a passively applied 
hyperpolarization had a similar action on both the PAD and the ADP 
(Eccles and Kmjevid, 1959a, Fig. 6) . This suggests that it is the
hyperpolarization per se that has this effect. It may be asked if
hyperpolarization acts by delaying diffusion of the transmitter in 
the synaptic cleft and out of the cleft. Actually the latter part 
of the decline of the PAD was less slowed than the rising phase to
the summit, as may be seen in Fig. 37, A, D, G.
The second valuable observation is that the application of 
the polarizing currents to the presynaptic fibres produced a rela­
tively large change in the size of their synaptic excitatory action. 
When the polarizing currents were applied to the dorsal roots, there 
was little or no change in the EPSP of motoneurones, presumably be­
cause the electrotonic decrement to the terminals in the motoneurone 
nucleus was so great (Eccles and Kmjevitf, 1959b) • Possibly the 
observations of Bonnet (1956, Fig. 6) with ventro dorsal polariz­
ation of the frog!s spinal cord show the same effect, but certainly 
most of the ventral root potential there recorded would be polysyn­
aptic and hence much more complex in interpretation. In the present 
method of applying the polarizing currents to the presynaptic fibres, 
excitability measurements revealed that there was a considerable 
change of the membrane potential in the afferent terminals in the
-  70 -
motoneurone n u c leus (F ig . 35) ; and, co rre sp o n d in g ly , th e re  was a  
s ig n i f ic a n t  change in  th e  sy n ap tic  e x c i ta to ry  a c t io n  o f  th e se  f i b r e s ,  
a s  re v e a le d  by th e  EPSP (F ig . 39) . I f  i t  be assumed th a t  th e  sp ik e  
p o te n t ia l  o f  th e  a f f e r e n t  f ib r e s  v a r ie d  w ith  th e  membrane p o te n t ia l  
in  th e  same manner a s  occu rs  f o r  t h e i r  main s h a f ts  in  th e  dorsum o f  
th e  co rd  (F ig . 34) , th e  p re se n t r e s u l t s  g iv e  q u a l i t a t iv e ly  th e  same 
r e s u l t s  a s  th o se  o b ta in ed  w ith  th e  squ id  g ia n t  synapse (Hagiwara and 
T a sak i, 1958; Takeuchi and T akeuchi, 1962) and w ith  th e  neurom uscul­
a r  ju n c tio n  o f fro g  (d e l C a s t i l lo  and K atz , 1954a) and r a t  
(Hubbard and W il l is ,  1 9 6 2 a ,b )• However, i t  i s  no t known i f  th e  
changed s iz e  o f  th e  EPSP r e s u l t s  from th e  change in  th e  t o t a l  h e ig h t 
o f th e  p re sy n ap tic  sp ike  (Takeuchi and T akeuchi, 1962), o r  on ly  in  
th e  overshoot (Hagiwara and T asak i, 1958).
The a l t e r a t io n s  produced in  th e  s iz e  o f  th e  EPSP (F ig . 39) 
p rovide th e  f i r s t  d i r e c t  evidence in  support o f hypotheses th a t  
a t t r i b u t e  in c re a se s  o r  d ec rea se s  o f th e  sy n ap tic  e x c ita to ry  a c t io n  
on motoneurones to  changes in  th e  p re sy n ap tic  sp ik e  p o te n t i a l .  In ­
c re a se s  oJpfeynaptie e x c i ta t io n  c h a ra c te r iz e  p o s t - te ta n ic  p o te n t ia t io n  
(L loyd, 1949; E cc les  and R a i l ,  1951; E c c le s , K m jev ic  and M ile d i, 
1959; C u r tis  and E c c le s , I960); and i t  has been shown th a t  a f t e r  t e t ­
an ic  s t im u la tio n  b o th  th e  a f te r -h y p e rp o la r iz a t io n  and th e  in c re a se d  
sp ik e  p o te n t ia l  o f  th e  p re sy n ap tic  f ib r e s  e x h ib it  a  tim e co u rse  com­
p a ra b le  w ith  th e  p o s t - te ta n ic  in c re a se  in  th e  EPSP (E cc les and 
K m je v id , 1959b) • D ecrease o f sy n ap tic  e x c i ta t io n  c h a ra c te r iz e s  
p re sy n ap tic  in h ib i t io n  (F ig . 12, 23, Frank and F u o r te s , 1957; E c c le s , 
E cc les  and Magni, 1961) ; and i t  has been shown t h a t ,  d u rin g  p resynap -
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tic inhibition, the presynaptic depolarization exhibits a time 
course comparable with the decrease in the EPSP (Figs. 1-7).
The reduction of the EPSP during strong’ presynaptic inhib­
ition (Eccles, Eccles and Magni, 1961) was always larger than that 
found in the polarizing experiments. There are two possible explan­
ations of this difference. In the first place, in presynaptic 
inhibition the depolarization of the presynaptic terminals may be 
larger. Secondly, since with presynaptic inhibition the depolariz­
ation of the afferent fibres is actively produced by a transmitter 
substance, the presynaptic spike would be decreased not only by the 
diminution of the membrane potential (as occurs with the polarizing 
current), but also as a consequence of the increased ionic conduc­
tance produced by the transmitter substance, just as occurs with 
the muscle impulse at an activated motor end-plate (Fatt and Katz, 
1951; del Castillo and Katz, 1954b) and also with synaptic action 
on nerve cells (Fadiga and Brookhart, 1960; Nishi and Koketsu,
1960).
Finally it should be pointed out that investigations on 
the neuromuscular junction have led to the postulate that the liber­
ation of transmitter has a veiy steep relationship to the size of 
the spike potential in the synaptic terminals, even a fourth power 
relationship (Liley, 1956); spike size increases of 10-25$ have 
been shown to increase the transmitter output by 200-300$ (Hubbard 
and Schmidt, 1962, 1963)• Katz (1962) has suggested that, as a con­
sequence, the relatively small presynaptic depolarization produced 
in presynaptic inhibition may nevertheless have a large depressant
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action on transmitter liberation and so on the EPSP. Thus, it is 
postulated that the EPSP depression is produced by the combined 
influence of two factors in diminishing' the size of the presynaptic 
spike: the depolarization per sej and the localized spike depres­
sion by the ionic currents that give rise to the depolarization*
B. PHARMACOIDGICAL STUDIES ON PRESYNAPTIC 
INHIBITION IN THE CAT
(l) Introduction. Pharmacological studies are important both
in investigations into the mechanism of transmission and in attempts 
to identify transmitter substances in central and peripheral syn­
apses. There is, for instance, pharmacological evidence that acetyl­
choline mediates the excitation of Renshaw cells by Impulses in 
collaterals of motor axons (Eccles, Fatt and Koketsu, 1954; Eccles 
and Fatt, 1956)•
Other central synapses have a distinct phaimacology, but 
their transmitter substances are not yet identified. A typical 
example is postsynaptic inhibition: there is general agreement
that all types of postsynaptic inhibition can be depressed by some 
convulsant drugs (strychnine, bruceine, thebaine and 5,7-diphenyl- 
l,3-diazadamantan-6-ol) . On analogy with the pharmacological block­
age of cholineigic excitatory synapses, this depression is assumed 
to arise because of competitive occupation of the receptor sites for 
postsynaptic inhibition (Bradley, Easton and Eccles, 1953; Eccles, 
Fatt and Koketsu, 1954; Fatt, 1954; Kuno, 1957; Curtis, 1959, 1962; 
Longo, 1961; Desmedt and Monaco, 1960, 1961; Eccles, 1961a). It is 
therefore believed that postsynaptic inhibition is mediated by a
-  73 -
substance sterically related to these drugs.
The physiological investigations oi^resynaptic inhibition 
have led to the hypothesis that it is effected by synapses that im­
pinge on the terminal knobs of excitatory synapses and exert a de­
polarizing action thereon. If these synapses are chemically opera­
ted, it would be expected that they exhibit specific pharmacological 
properties. It will be shown that presynaptic inhibition has a 
totally different pharmacology from that exhibited by postsynaptic 
inhibition and it will be concluded that it is mediated by a quite 
distinctive transmitter substance.
Two testing procedures have been selected because of their 
stability over the long periods of time that are required for the 
full development of a drug action and even for its decline: (a)
the testing of presynaptic inhibitory action by a monosynaptic re­
flex (Ecclee, Schmidt and Willis, 1962a); and (b) the recording of 
the presynaptic depolarization that is electrotonically propagated 
along the dorsal roots, the dorsal root potential (Eccles, Magni and 
Willis, 1962; Eccles, Kostyuk and Schmidt, 1962b; Eccles, Schmidt 
and Willis, 1962b), Occasionally other procedures of displaying pre­
synaptic depolarization have been used. Usually the drugs have been 
applied by intravenous injection, but direct application to the 
spinal cord has been employed when it was suspected that the drug 
would not cross the blood-brain barrier and also when it was des­
irable to restrict the toxic action to the spinal cord. In order 
to give the most effective application, the drug solution was 
applied between the spinal cord and a double layer of moistened
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tissue paper that ensheathed the spinal cord for a length of over 3 
cm from upper I^_ to the segmental levels. By severing the 
roots on each side it was possible to isolate this length of cord 
except for its attachments at the rostral and caudal ends. Outside 
the sheath of tissue paper there was a sheath of very thin and soft 
plastic separating it from the dura. Test applications of drugs 
with known actions established that they had penetrated rapidly 
through the cord. For example, in fifteen to twenty minutes 0*1$ 
nicotine had abolished the rhythmic discharge of Renshaw cells that 
was generated by a ventral root volley (Eccles, Eccles and Fatt,
1956) and 0.1^ strychnine had caused convulsions localized to 
muscles innervated from the lumbar cord. It was further established 
that these pharmacological actions could be reversed within one to 
two hours if the spinal cord was repeatedly rinsed by warm Ringer- 
Locke solution.
(2) The Action of Anaesthetics. When investigating the action
of anaesthetics, a preliminary decerebration of the animal was per­
formed during a brief ether anaesthesia. Several hours later the 
tests for presynaptic inhibition were applied to the unanaesthetized 
preparation. These tests provided the base line for evaluating any 
changes resulting from anaesthetic action. For example in Fig. 40 
the open circles plot the time course of the inhibitory action of 
four FBST volleys (maximum for Group I) on a monosynaptic testing re­
flex of gastrocnemius-soleus motoneurones (cf. Eccles, Schmidt and 
Willis, 1962a). Some minutes after the intravenous injection of 20 
mg/kg Nembutal the inhibition was increased and prolonged (filled
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circles) , and three hours later it had returned towards the initial 
control curve (upright crosses)• Finally, a repetition of the intra­
venous injection again increased and prolonged the inhibition 
(oblique crosses) so that it was virtually identical with that ob­
taining after the first injection. With higher doses of Nembutal 
(more than 50 mg/kg) presynaptic inhibition was depressed. This is 
to be expected if the pathway includes two or more intemeurones.
When a solution of Nembutal was directly applied to the 
spinal cord (Fig. 41), presynaptio inhibition was increased and pro­
longed just as occurs after intravenous injection (Fig. 40 A). At 
the same time there was a similar prolongation of the DRPs as shown 
in Fig. 41 B. The records demonstrate that Nembutal had similarly 
affected the depolarization produced by several varieties of afferent 
input: Group I flexor afferent volleys (PBST and PDF), Group I
extensor afferent volleys (FDHL-Pl) and cutaneous afferent volleys 
(SP). Each of these three inputs depolarizes selectively, but not 
exclusively, a particular type of primary afferent fibre, namely, 
Group la muscle afferents, Group lb muscle afferents and cutaneous 
afferents respectively (see Section IV). This similarity of pharma­
cological action onthe various types of presynaptic inhibition has 
been regularly observed. After washing out the Nembutal from the 
environment of the cord by several changes of warm Ringer-Locke sol­
ution, the DRPs were quickened within 20 minutes to a time course 
resembling that originally observed. This action of Nembutal in pro­
longing the DRP has been previously reported both for the frog 
(Eccles and Malcolm, 1946) and for the cat (Lloyd, 1952).
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When the anaesthesia is deep enough to abolish monosynaptic 
reflexes, the DRPs of dorsal rootlets or the P-waves from the cord 
dorsum may be employed as indices of the activity that still exists 
in the presynaptic inhibitory pathway. Such tests show that the pre- 
synaptic pathways activated by cutaneous volleys are more resistant 
to anaesthesia than those activated by Group I muscle volleys. In 
fact the cutaneous volleys produce DRPs at such deep anaesthesia that 
their occurrence in the absence of all intemeuronal activity has 
been suggested (Wall, 1958). If this were established, it would fal­
sify the hypothesis that presynaptic inhibition is due to presynaptic 
depolarization produced by activation of specific interneuronal path­
ways (see Section I?),
In several experiments successive intravenous injections 
of Nembutal were given until the DRPs and P-waves were virtually- 
abolished, and at the same time the activity of interneurones was ob­
served by extracellular recording from the base of the dorsal horn.
In two of these experiments cutaneous volleys produced discharges of 
intemeurones for as long as any trace of DRP or P-wave survived.
In Pig. 42 the three rows show respectively the extra­
cellular records from intemeurones at the base of the dorsal horn, 
the DRPs and the P-waves produced by a single cutaneous volley from 
the PT nerve. The first records were taken in the lightly anaesthe­
tized preparation. After the second records the interneurone under 
observation was lost, probably as a result of some inadvertent move­
ment, and another intemeurone was under observation from the third 
records onwards. There was a remarkable slowing of the time course
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of the DRPs after the large second injection of Nembutal (21 mg/kg), 
and thereafter the successive injections progressively depressed the 
size of the DRP and P-wave without slowing the time course appreci­
ably. It is to be noted that there was at the same time a diminution 
in the number of intemeuronal discharges and also in the size of the 
focal negative potential on which the discharges were superimposed.
It should further be noted that the latency of the first discharge of 
the intemeurone was progressively increased, but even at the light­
est depth of anaesthesia it was too long to be mono synaptic ally acti­
vated by the afferent volley. Thus it resembles those already des­
cribed earlier in this thesis (of. also Eccles, Kostyuk and Schmidt, 
1962a, Pigs. 5, 6) as examples of secondary interneurones in the pre- 
synaptic inhibitory pathway. Not all intemeurones activated by cu** 
taneous volleys display this resistance to anaesthesia. In some 
experiments the intemeurone under observation was silenced by a 
depth of anaesthesia that was insufficient to suppress the DRP. It 
can be assumed that the progressive decline in the DRP observed in 
the last four records of Fig. 42 was as much due to the silencing of 
intemeurones as to the observed progressive decline in numbers of 
intemeuronal discharges.
Other anaesthetics have the same action as Nembutal in 
slowing the time course of the pre^ynaptic inhibition. For example 
in Fig. 43 A progressive increase in the dosage of Chloralose is seen 
to produce a lengthening of the DRP set up by a cutaneous afferent 
volley that is comparable with that illustrated for Nembutal in Fig. 
42. The time from onset to half-decay was lengthened from its initial
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control value of 69 msec to successive values of 109, 141, 172, 174 
and 174 msec. At the same time the size was progressively decreased.
The transient injection of Thiamylal Sodium (Surital) was 
associated with a slowing of the DRPs and P-waves comparable with 
the effects of Nembutal, In Fig, 43 B, there was a comparable slow­
ing of all types of DRP. The mean values of times from onset to 
half-decay were lengthened from 98 msec to 160 msec for SP and from 
89 to 155 msec for four PDP. The DRPs quickened again as the anaes­
thesia passed off,
(3) The Action of Convulsant Drugs. As mentioned in the intro­
duction, postsynaptic inhibition is depressed by some convulsant 
drugs, notably strychnine, and not by others. It has been suggested 
that the activity of strychnine and similarly acting drugs is fully 
explained by the depression of postsynaptic inhibition (Bradley, 
Easton and Eccles, 1953; Fatt, 1954; Eccles, 1957; Curtis, 1959;
Longo, 1961). However this suggestion was made before presynaptic 
inhibition was recognized. It is evidently important to determine 
if strychnine also depresses presynaptic inhibition. There is as 
yet no explanation of the convulsant action of those drugs that do 
not affect postsynaptic inhibition, such as Picrotoxin, pentamethyl- 
enetetrazol (Metrazol) and ß-methyl-ß-ethyl-glutarimide (NP 13, cf. 
Eccles, 1957; Curtis, 1959). A possible suggestion would be that 
these drugs depress presynaptic inhibition and that their effective­
ness as convulsant drugs derives from this action.
Strychnine and presynaptic inhibition. In Fig. 44 the open 
circles plot the time courses of depression of monosynaptic reflexes,
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A being for presynaptic and B for postsynaptic inhibition. After 
intravenous injection of stiychnine (0.1 mg/kg) the same tests were 
applied for presynaptic and postsynaptic inhibition. The plotted 
points in B (filled circles) show the expected large depression of 
postsynaptic inhibition (from over 70$ to about 10$ at the optimal 
test interval)• In contrast, presynaptic inhibition (filled circles 
in A) was considerably increased (from 18$ to 70$ inhibition at the 
optimal interval in curve A). The records of the DRPs and P-waves 
(Pig. 44C) furthermore show that there was a considerable increase 
in the presynaptic depolarization produced by some muscle afferent 
volleys (PDP and FDHL-Pl) , but with PBST the increase was slight. 
Fig. 44 C further illustrates the large increase in the DRPs prod­
uced by cutaneous afferent volleys in SU and SP. Apparently strych­
nine increased the excitability of intemeurones on the presynaptic 
inhibitory pathways so that a given afferent input activated more 
synapses producing presynaptic inhibition. With large doses of 
strychnine the intemeuronal activity was greatly intensified, and 
correspondingly the DRPs were veiy prolonged (cf. Pig. 51). It 
should be noted that the increase in presynaptic inhibition shown in 
Fig. 44 A was unusually large, a consequence, perhaps, of the rather 
small control inhibition. In several other experiments no change or 
only a slight increase of presynaptic inhibition was seen after 
strychnine application but a reduction was never observed.
Action of those convulsants not affecting postsynaptic 
inhibition. The action of the most powerful of these convulsants, 
Picrotoxin, has been thoroughly studied in seven experiments. There
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have been only a few investigations with two other convulsants of 
this type (Metrazol and NP 13), and brief reference will later be 
made to these results.
The tests with progressive Picrotoxin dosage in Fig. 45 
followed at 2.5 hours after the second Nembutal injection that was 
illustrated in Fig. 40, by which time the time courses of the DRPs 
showed that the effect of this injection had largely passed off.
For example the interval from onset to half decay of the DRP evoked 
by four FBST volleys had been lengthened from 71 msec to 96 msec by 
this Nembutal injection, and had decreased to 82 msec just before the 
first Picrotoxin injection. Unfortunately, the time course of the 
presynaptic inhibition was not determined immediately before the firet 
Picrotoxin injection, though it can be assumed to be approximately 
along the line of the upright crosses in Fig. 40, which was recorded 
about three hours after the first Nembutal injection (the broken 
line of Fig. 45). Fig. 45 A shows that, as the dosage of Picrotoxin 
was increased, there was a progressive decrease in the presynaptic 
inhibition of a monosynaptic reflex, and also possibly a slight short­
ening in duration. No convulsive activity could be seen until after 
the injection of 1 mg/kg, which raised the total dosage to 1.8 mg/kg.
In Fig. 45 B are shown illustrative records of the DRPs 
and P-waves before and during the progressive dosage with Picrotoxin. 
It is seen that Picrotoxin very effectively diminished the sizes of 
botlyfche DRPs and the P-waves without affecting their time courses 
appreciably. Even after the highest dose of Picrotoxin the times to 
half-decay of the DRPs produced by muscle and by cutaneous afferent
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volleys were longer than the initial values in the unanaesthetized 
preparation. Fig. 45 C shows that similar doses of Picrotoxin had 
little or no depressant action on postsynaptic inhibition. The 
postsynaptic inhibitory curve (open circles) was determined as in 
Fig. 44 and was very little depressed, even by a dose of Picrotoxin 
that caused convulsions (oblique crosses)• Possibly the observed 
depression of maximum inhibition from 85$ to 68$ was attributable 
to the large increase in the size of the testing monosynaptic reflex, 
which was more than doubled in size by the Picrotoxin injection. In 
Fig. 45 C a subsequent injection of 0*08 mg/kg strychnine gave the 
typical large reduction of postsynaptic inhibition, to 26$ for the 
curve through the open squares.
A similar action of Picrotoxin on presynaptic inhibition 
was observed on the three occasions in which it was applied directly 
to the spinal cord. Application of 0.1$ Picrotoxin to the surface 
of the cord diminished the presynaptic inhibition of monosynaptic 
reflexes to about 50$ within 20 minutes. The maximum action was 
usually reached 50 minutes after the application. The changes in the 
DRPs produced by afferent volleys from various muscle and cutaneous 
nerves paralleled those of the presynaptic inhibition just as in Fig. 
45.
The effectiveness of the local applications was further 
demonstrated by the continued convulsive activity of the right hind 
limb, which had intact innervation. Evidently there was a high level 
of background intemeuronal activity in the lumbar spinal cord, and 
by a process of occlusion, this could diminish the presynaptic inhib­
itory action of the testing volleys. However, on this explanation it
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might be expected that the testing monosynaptic, reflex would be dim­
inished by the background activity of the presynaptic inhibitory 
pathways, whereas in fact it was increased. It was also of interest 
that the flexor reflexes evoked by cutaneous afferent volleys were 
increased and prolonged by the Picrotoxin action, which suggests that 
the background activity actually augmented the intemeuronal dis­
charges evoked by afferent volleys; yet the DRPs were at this time 
greatly reduced in size.
In a general way it will be recognized that Picrotoxin and 
Nembutal are acting in an opposite manner on presynaptic inhibition, 
so that it should be possible to achieve an approximate balance by 
choosing a suitable relative dosage. Thus in Fig. 46 A the initial 
presynaptic inhibitory curve (open circles) was determined under 
light Nembutal anaesthesia in the absence of any other drugs. Intra­
venous administration of 20 mg/kg Nembutal gave the typical increase 
and slowing of the inhibition (filled circles) with reduction in the 
size of the testing reflex spike to 70a/o* Approximately ten minutes 
later an injection of 0.3 mg/kg Picrotoxin resulted in a displacement 
of the inhibitory curve half way towards the original curve (not 
shown) , and after a further similar dose the inhibition had virtually 
the same time course as the original curve (upright crosses), though 
the testing reflex spike had the same amplitude as for the points 
plotted as filled circles. An additional 0.3 mg/kg Picrotoxin gave 
a further diminution of inhibition (oblique crosses), and mild gener­
al convulsions were also induced. Nevertheless, this potent action 
of Picrotoxin could be effectively countered by further Nembutal injec-
-  83 -
tion of 20 mg/kg, the presynaptic inhibition being virtually restored 
in this way to the level obtaining after the initial Nembutal injec­
tion (open squares) • The dorsal root potentials and P-waves showed 
changes paralleling those of the presynaptic inhibition as illustra­
ted in Fig. 46 B-I for the same afferent volleys that produced the 
presynaptic inhibition. The progressive diminution by graded Picro­
toxin dosage is seen in C to F.
There have been a few tests with two other convulsant 
drugs, Pentamethylenetetrazol and ß-Methyl-ß-ethylglutarimide (NP 
13), that resemble Picrotoxin in not depressing postsynaptic inhib­
ition. In two experiments NP 13 was injected intravenously in doses 
up to 30 mg/kg. In one the presynaptic inhibition was reduced to 
about one half, in the other it was unchanged. Likewise the results 
of injection of Pentamethylenetetrazol (Metrazol) were indecisive. 
Doses as high as 50 mg/kg were required in order to produce a sig­
nificant depression of the presynaptic inhibition and of the DRP.
(4) The Action of Drugs that Affect Cholinergic Synapses.
When attempting to discover if synaptic transmission is cholinergic, 
the most effective test is provided by the action of dihydro-ß- 
erythroidine (DHE), which so effectively depresses cholinergic trans­
mission from motor axon collaterals onto the Renshaw cells that form 
the pathway for recurrent inhibition on motoneurones (Eccles, Fatt 
and Kbketsu, 1954; Eccles, Eccles and Fatt, 1956)• As shown in Fig. 
47 B (upright crosses), the intravenous injection of 0.5 mg/kg DHE 
completely eliminated the recurrent inhibition of a monosynaptic 
reflex, while having no detectable action on the presynaptic inhib-
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ition of a monosynaptic reflex (Fig. 47 A, upright crosses) ; and 
this failure of action still occurred when the dose was doubled. 
Other cholinergic blocking drugs, atropine (Fig, 47 A) and Gallamine 
Triethiodide (Flaxedil) have not affected presynaptic inhibition.
It has also been observed that injections of the antichol­
inesterases eserine (Fig, 47 A) and tetraethyl pyrophosphate were 
without effect on presynaptic inhibition. Finally nicotine had no 
significant effect when applied locally in a concentration (0,05^) 
that completely eliminated the responses of Renshaw cells to a test­
ing ventral volley,
C. PHARMACOLOGICAL STUDIES ON PRIMARY AFIEHENT DEPOLARI­
ZATION IN THE ISOLATED KEMISECTED SPINAL CORD OF THE 
TOAD
(1) Introduction, The similarity between the dorsal root
potentials in the spinal cord of mammals and of amphibians led to 
the generally accepted assumption that both are generated by the 
same mechanism (Barron and Matthews, 1938a). It was with this 
assumption in mind that the experiments reported below were under­
taken with the pharmacological experiments on presynaptic inhibi­
tion in the cat spinal cord.
The advantages of an isolated spinal cord preparation are 
obvious: a very wide range of concentrations of any particular drug
can be used without the risk of side-effects to other organs; the 
concentrations of each drug are much more readily determined than 
with parenteral application to a whole animal; and the application
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and rem oval a re  easy to  c o n tro l .  I s o la te d  am phibian s p in a l  cords 
have been used  p rev io u s ly  f o r  pharm acological s tu d ie s  (E cc le s , 1946, 
1947; E cc les  and Malcolm, 1946; C u r t is ,  P h i l l i s  and W atkins, 1961; 
K ira ly  and P h i l l i s ,  1961)•
The a c tio n s  o f  th re e  groups o f  drugs on th e  prim ary a f f e r ­
en t d e p o la r iz a tio n  have been in v e s t ig a te d ,  nam ely, a n a e s th e t ic s ,  
co nvu lsan ts  and amino a c id s .  The r e s u l t s  support the  hy p o th esis  
th a t  the  prim aiy  a f f e r e n t  d e p o la r iz a tio n  in  th e  to ad  sp in a l cord  i s  
caused by a mechanism s im ila r  to  th a t  operating* in  the c a t sp in a l 
co rd .
(2) The A ction  o f A n a e s th e tic s . E cc les  and Malcolm (1946)
found th a t  prolonged a p p lic a t io n  o f  Nembutal (soak ing  fo r  30 min) 
g r e a t ly  prolonged the  DEPs o f  is o la te d  fro g  s p in a l c o rd s . Our tech ­
nique o f continuous reco rd in g  o f  th e  v e n tr a l  and d o rsa l ro o t respon­
s e s , b e fo re  and th roughout th e  drug a p p l ic a t io n ,  made i t  p o s s ib le  to  
extend th e se  e a r l i e r  o b se rv a tio n s  and to  c o r r e la te  the DRP changes 
w ith  changes in  th e  v e n tra l  ro o t r e f le x  re sp o n se s .
In  F ig . 48 the e f f e c t  o f Nembutal (0 .0 1 ^  in  Ringer) on 
th e  d o rs a l  ro o t p o te n t ia l s  evoked by s t im u la tio n  o f  a  d o rsa l ro o t 
(DRP) o r  v e n tr a l  ro o t (VR-DRP) and on th e  v e n tr a l  ro o t r e f le x  (VRR) 
a re  dem onstrated . The DRP s iz e  (F ig . 1 A upper t r a c e s ,  C open 
c i r c le s )  was not a p p rec iab ly  d im inished  u n t i l  more th an  20 min o f  
a n a e s th e s ia  had e la p se d . During th e se  f i r s t  20 min the  h a lf-d ecay  
tim e of th e  DRP (F ig . 48 D, open c ir c le s )  was reduced to  a  minimum 
a f t e r  about 1.5 to  2 min, and th e n  was leng thened  u n t i l  a  maximum 
value  was o b ta in ed  a t  about 25 to  30 rain.
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The VR-DRP s iz e  (F ig . 48 B, C f i l l e d  c i r c le s )  rem ained a lso  
n ea r th e  c o n tro l  value f o r  th e  f i r s t  20 min o f  Nembutal a p p lic a t io n  
and from th en  on d ec lin ed  s te a d i ly .  The VR-DRP was p r a c t ic a l ly  ab o l­
ished  a f t e r  45 min, th u s  in d ic a t in g  a  g r e a te r  s e n s i t i v i t y  th an  th e  
DRP tow ards th e  a n a e s th e t ic .  The tim e to  h a lf-d e c ay  o f  th e  VR-DRP 
was p ro lo rg ed  throughout th e  Nembutal a p p l ic a t io n  and reached about 
the same maximum v a lu e  as  th e  DRP.
The VRR (F ig . 48 A lower t r a c e s ,  E) was d im inished  from 
th e  s t a r t  o f  th e  Nembutal a p p l ic a t io n .  A f te r  tw enty m inutes i t  was 
about 45°/o o f  th e  c o n tro l v a lu e , whereas bo th  th e  DRP and th e  VR-DRP 
were s t i l l  p r a c t ic a l ly  -unaltered  in  am p litu d e . However, during  the  
nex t 30 min the VRR dim in ished  only  a  f u r th e r  10^, whereas both 
types o f  PAD underwent more e x ten s iv e  changes.
These e f f e c t s  o f Nembutal were c h a r a c te r i s t i c  f o r  th e  
a c t io n  o f  b a r b i tu r a te s  and were a lso  found when th e  f a s t  a c tin g  t h i -  
am ylal sodium ( S u r i ta l )  o r th e  slow and long a c tin g  P h en o b arb ita l 
were u sed . S u r i ta l  reached i t s  maximum e f f e c t  a f t e r  about 4 to  30 
min and th e  p e rio d  o f i n i t i a l  sh o rten in g  o f th e  DRP h a lf-d ecay  tim e 
was e i th e r  ab sen t o r  very  s h o r t .  In  c o n t r a s t ,  Phenobarbitone regu­
la r ly  led  f i r s t  to  a  sh o rten in g  o f  the  DRP and i t  o f te n  took more 
th an  20 min b e fo re  th e  DRP s ta r t e d  to  p ro long above th e  i n i t i a l  con­
t r o l  v a lu e . Nembutal occupied an in te rm e d ia te  p o s i t io n  between th e  
two ex trem es.
The o r ig in a l  r e s u l t s  o f  E ccles and Malcolm (1946) have 
th e re fo re  been confirm ed . In  a d d it io n  i t  has been observed t h a t ,  a t  
th e  beg in n in g  o f th e  b a r b i tu r a te  a n a e s th e s ia , th e  am plitudes of a l l
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types of PAD were little affected even though the VRRs were consid­
erably reduced. The time to half-decay of the DRP normally exhibited 
an initial period of shortening and then was prolonged to a value 
which depended on the barbiturate concentration as described by 
Eccles and Malcolm (1946). A similar prolongation of the DRP after 
Nembutal or Surital injection was seen in the spinal cord of the 
cat (Fig. 41). No early shortening was observed but it was noticed 
that with low Nembutal concentrations the DRP was prolonged without 
an appreciable change in the DRP size.
The uniform action of the barbiturates provoked the 
question whether all types of anaesthetics prolong the declining 
phase of the PAD. With applications of Chloralose it was found, both 
in cat (Fig. 43) and toad, that the declining phase of the PAD was 
prolonged. On the other hand Paraldehyde did not increase the dur­
ation of PAD in the toad spinal cord. For example in Fig. 49 Paral­
dehyde was applied in a concentration sufficient to reduce the VRR 
(Fig. 49 E and A, lower traces) to less than 30^ of its control val­
ue within 10 min. The DRP remained practically unchanged with a 
slight shortening of the declining phase (Fig. 49, upper traces in 
A and open circles in C and D) • The VR-DRP declined steadily 
(Fig. 49 B and filled circles in C) an^Was nearly abolished after 
10 min without any change in the half-decay (filled circles in D)«
The effects were fully reversible within 10 to 50 min.
A similar result was obtained when Chloral-hydrate or 
Urethane (ethyl carbamate) were applied to the toad spinal cord.
Each of these anaesthetics, in concentrations which reduced the VRR
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to less than 50io of its control value, did not appreciably alter the 
amplitude of the DRP. Mostly there was a slight increase during the 
beginning of anaesthesia and a small depression in the later stages* 
The half-decay was either unchanged or reduced, the reduction being 
the more obvious, the slower the original control DRP* The VR-DRP 
normally decreased without any change in the time course of the de­
clining phase.
From the wide range of volatile anaesthetics only di-ethyl- 
ether was tested because it is the most common in laboratory experi­
mentation. Care has been taken to avoid evaporation of the 
anaesthetic from the test solution but no measurements were carried 
out to determine the actual concentration.
The effects of various ether concentrations on the DRP and 
VRR are illustrated in Fig. 50. Fig. 50 A shows that a veiy low 
level of ether anaesthesia (50 m g c/o) can enhance both the size of the 
DRP and the VRR. The time to half-decay of the DRP remained unal­
tered. When the experiment was repeated (after 15 min recovery) with 
three times the previous ether concentration (150 mg^, Fig. 50 B) 
there was again an increase in the size of the DRP, but this time 
there was a decrease in the time to half-decay from 290 msec to 220 
msec and there was also a reduction of the VRR. After a further }5 
min recovery the ether concentration was again doubled (300 mg^ o, Fig. 
50 C). There was now a severe depression of the VRR within 180 sec 
after the onset of the application but the size of the DRP remained 
slightly increased together with a considerably shortened time to
half-decay. The control time was 260 msec. After 15 sec of ether 
it was 200; after 30 sec, 190; after 130 sec, 175; and, after 180 sec,
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1G0 msec re sp e c tiv e ly *  F in a l ly  Fig* 50 D shows the same e th e r  con­
c e n tr a t io n  ap p lied  one hour l a t e r  to  th e  same p re p a ra t io n . The con­
t r o l  DRP had meanwhile a h a lf-d ecay  tim e o f  320 msec. Again e th e r  
depressed  sev e re ly  th e  VRR b u t th e  s iz e  o f th e  DRP was s l ig h t ly  in ­
c reased  to g e th e r  w ith  an a p p re c ia b le  re d u c tio n  o f th e  tim es to  h a l f ­
decay . In  the re c o rd s  o f F ig . 50 D th e  co n secu tiv e  tim es were from 
l e f t  to  r ig h t  320, 190, 170, 160 and 140 msec. A ll  e th e r  co n cen tra ­
t io n s  reached f u l l  e f f e c t  a f t e r  not more th an  5 min and recovery  was 
p r a c t ic a l ly  com plete a f t e r  about 5 to  10 min washing in  normal R inger 
s o lu t io n .
The VR-DRP proved to  be more s e n s i t iv e  than  th e  DRP a g a in s t 
e th e r  a n a e s th e s ia . For in s ta n c e  in  th e  experim ent o f F ig . 50 , 50 mgfi 
e th e r  le d  to  a sm all in c re a se  in  am plitude o f the VR-DRP and w ith  
150 mg^ th e re  was no am plitude change. However when 300 mgfo e th e r  
was a p p lie d  th e  VR-DRP decreased  to  20%  o f  i t s  c o n tro l s iz e  w ith in  5 
m in. The d e c lin in g  phase was s l ig h t ly  sho rtened  during  each  o f th e se  
a p p l ic a t io n s .
(3) The A ction  o f C onvulsant Drugs. There a re  th re e  re p o r ts  in
th e  l i t e r a t u r e  (Uinrath, 1933$ Dun and Feng, 1944; E cc les  and Malcolm, 
1946) o f the  a c tio n  o f  s try c h n in e  on th e  DRP o f  the fro g  s p in a l cord* 
A ll au th o rs  agree th a t  th e  s iz e  o f th e  DRP evoked by d o rsa l ro o t 
s tim u la tio n  i s  n o t a p p re c ia b ly  a l t e r e d  b u t th a t  the  d e c lin in g  phase 
i s  g r e a t ly  p ro longed . S tiy ch n in e  has a s im ila r  a c t io n  in  th e  c a t  
(F ig . 44) and in  th e  toad  s p in a l  cord  (Fig* 51) • A s in g le  a f f e r e n t  
v o lle y  in  a d o rs a l  ro o t caused a  very  prolonged DRP in  a  neighbouring  
d o rsa l  ro o t to g e th e r  w ith  a pow erful VRR d isch a rg e  (F ig . 51 A ). The
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preparation had been poisoned with 0*01$ strychnine for 15 min two 
hours before the records of Fig. 51 were taken, and VRR discharges 
occurred in the absence of stimulation. The lower trace of Fig.
51 B shows such a discharge which was accompanied by a DRP (upper 
trace). This DRP had about the same size and a similar declining 
phase as the DRP evoked by electrical stimulation (Fig. 51 A) but 
it rose much more slowly and there were clearly two phases: an
initial relatively fast part followed by a slow one. Fig. 51 C 
illustrates on a much dower time scale a continuous recording of 
spontaneous DRPs in the absence of stimulation. Each DRP was accom­
panied by a VRR (not shown) similar to those in Fig. 51 A, B.
In the cat Picrotoxin has been shown to reduce the PAD 
produced by all types of afferent input (Fig. 45). The decrease of 
PAD was paralleled by a reduced presynaptic inhibition (Figs. 45,
46). It was proposed that the convulsant activity of Picrotoxin is 
at least in part due to its interference with presynaptic inhibition. 
Fig. 52 shows an experiment where Picrotoxin was applied to the iso­
lated spinal cord of the toad. Picrotoxin (O.Ol^ o) was given for 4 
min (between the arrows in Fig. 52) and then normal Ringer solution 
was again allowed to flow through the trough. Nevertheless the DRP 
(Fig. 52, lower graph) started to decline steadily, reaching about 
one third of the control size after 20 min. Recovexy began after a 
further 10 min, but it took more than 2 hours before the DRP reached 
its control size. The VRR discharge increased and returned to its 
control value with a time course parallel to the DRP changes (Fig.
52, upper graph)• In this experiment there was only a slight increase
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of the duration of the declining phase of the DRP. Similarly, in 
the spinal cord of the cat no appreciable change of the time course 
of the DRP has been found even with convulsant doses of Picrotoxin.
(4) The Action of Amino Acids. A wide variety of amino acids
is known to increase or decrease the excitability of postsynaptic 
elements. Several have been proposed as possible transmitter sub­
stances although the evidence presented has not proved to be convin­
cing (for review see Curtis, 1963). Curtis, Phillis and Watkins 
(1961) found that Y-amino-butyric acid (GABA) and related compounds 
such as Y-amino-propane-sulphonic acid depress the VRR of the iso­
lated toad spinal cord without changing the resting membrane poten­
tial of the motoneurones. In contrast, glutamic acid increased the 
VRR discharge and depolarized the motoneurones. Higher concentra­
tions caused reflex depression because of excessive depolarization.
Phillis (i960) reported that GABA and glutamic acid in concentrations
-3of 2 x 10 M reduced the DRP in toad spinal cords. GABA did not 
change the potential recorded from the dorsal root in the absence of 
stimulation, whereas glutamic acid showed a slight depolarizing 
effect. The experiments reported below have been undertaken to study 
in more detail the actions of these amino acids on the dorsal root 
responses and to correlate them with the ventral root changes.
Pig. 53 A shows the changes of the DRP (upper traces) and
the YRR (lower traces) after the addition of three drops of Ringer
-2containing GABA in a concentration of 2 x 10 M to the inflow of the 
bath. Preliminary trials showed that these drops mixed with about 
the same amount of Ringer solution so that a slug of solution con-
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taining GABA in a concentration of 10 M flowed past the preparation 
for 4 to 6 sec. Within 15 sec GABA, depressed both the DRP and the 
VRR and the declining phase of the DRP was shortened. Recoveiy star­
ted at about 20 sec and was practically complete 90 sec after the 
application. The same procedure was repeated 10 min later, but this 
time Y-amino-propane-sulphonic acid in the same concentration as 
GABA was applied (Fig. 53 B)« This compound was the most potent 
depressant of the amino acid series tested by Curtis et al* (1961)• 
Fig. 53 B shows that it does indeed depress the VRR (lower traces) and 
the DRP (upper traces) to a. much greater extent than GABA. However, 
Y-amino-propane-sulphonic acid needs considerably longer to reach its 
maximum action (46 sec in Fig. 53) and recovery takes twice as long 
as the recoveiy from a GABA application. Finally in Fig. 53 C the
effects of a glutamic acid application are demonstrated. The concen-
-2tration (10 M) was sufficient to cause a reduction of the VRR. It 
also reduced the DRP to about half its control value. The maximum 
effect was reached within 15 sec and full recovery took little longer 
than 60 sec.
One possible explanation of the depression of the DRP by 
these amino acids would be that they depolarize the dorsal root 
fibres near their terminals. To detect such an eventual depolariz­
ation the excitability of the dorsal root fibres at their entrance 
into the spinal cord has been tested before, during and after the 
application of these amino acids. Fig. 54 summarizes the results of 
an extensive testing using the preparation from which the records of 
Fig. 53 were obtained. The fibres of the 9th dorsal root were stimu­
lated with a platinum electrode at their zone of entrance into the
-2
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spinal cord and the antidromic spike was recorded at the peripheral 
end of the dorsal root. Fig. 54 A shows a series of antidromic 
spikes recorded after various strengths of stimulation. This series 
served as a calibration for evaluating the excitability changes pro­
duced by the applied drugs. In Fig. 54 B (and in the series shown 
in C - F) the stimulus strength was kept constant at 850 mV. After 
the control record had been taken (CON) three drops of Ringer solu­
tion were added to the bath. The records show that no change in 
excitability occurred. If the same test was repeated with three 
drops of Ringer containing 100 mM KC1 (Fig. 54 B) the peripheral 
spikes increased within 20 sec to a maximum and returned to normal 
four min after the application. Similar excitability changes were
seen when three drops of glutamic acid (Fig. 54 D), GABA (E) or Y-
—2amino-propane-sulphonic acid (F) in a concentration of 2 x 10 M 
were applied. In Fig. 54 G the average excitability changes of each 
of the four substances were plotted against time after application. 
Each curve represents the average of three to five identical applic­
ations. Glutamic acid (open triangles) caused a larger excitability 
increase than the two other amino acids but had by far the shortest 
time of action, even shorter than KC1 (open squares)• GABA (filled 
circles) and Y-amino-propane-sulphonic acid (open circles) reached 
about the same maximum excitability increase but, as in Fig. 53, both 
the onset and the decay of the action of Y-amino-propane-sulphonic 
acid were considerably slower than those of any of the other test sub­
stances.
An evaluation of the depolarizing potency of these amino
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acids is facilitated by comparing the excitability changes in Fig*
54 G with those obtained when the test stimulus is preceded by an 
afferent volley in the neighbouring dorsal root (Fig# 54 H)• At 
the optimum interval (50 to 70 msec) the excitability increase was 
123^, approximately the change produced by KC1 and glutamic acid 
applications, but far above the changes produced by the two other 
amino acids.
-3When glutamic acid was used in a concentration of 10 M 
the excitability increased reached a maximum of about 106^. GABA 
and Y-amino-propane-sulphonic acid in the same concentration evoked 
even smaller excitability increases. It is therefore not surprising 
that no DC potential change could be recorded from dorsal roots when 
GABA in concentrations up to 2 x ID ’ M was used (Phillis, I960) •
(5) Discussion for Sections V B and V C # The pharmacological
studies reported above demonstrated that all anaesthetics and con- 
vulsants tested had similar actions on the PAD in the cat and toad 
spinal cord. This finding adds further support to the assumption 
mentioned in the introduction of this section, namely, that both are 
generated by a similar mechanism. The results 7/ill therefore be dis­
cussed together* In the cat drug induced changes in the PAD were 
always paralleled by changes in presynaptic inhibition. In the toad 
the functional significance of the PAD has yet to be shown. However, 
it would be very surprising if this PAD would not be accompanied by 
a reduced transmitter output at the nerve terminals#
In the spinal cord of the toad all types of anaesthetics 
used in the present study caused a reduction of the declining phase
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o f th e  DRP w ith  o r  w ith o u t a  s l i g h t  in c re a se  in  am p litude . This 
sh o rten in g  was the  more obvious th e  slow er the  tim e course  o f th e  
DRP b e fo re  th e  a p p lic a t io n  o f th e  a n a e s th e t ic .  I t  was norm ally sm all 
o r  ab sen t in  reco rd in g s  o f  the  VR-DRP. The most l ik e ly  ex p lan a tio n  
o f  th i s  sh o rten in g  i s  th a t  the  in te m e u ro n e s  on th e  pathway respon­
s ib le  f o r  evoking th e  PAD a re  p a r t ly  a n a e s th e tiz e d : an incoming 
v o lle y  f i r e s  a  sh o rten ed  t r a i n  of in te rn e u ro n a l sp ik e s . Such a 
sh o rten in g  o f  the in te m e u ro n a l d isch a rg e s  has been  observed in  th e  
sp in a l cord  of th e  c a t  when th e  a n a e s th e s ia  was p ro g re s s iv e ly  deep­
ened (F ig . 42) • The VR-DRP seems to  be m ediated  by in te rn eu ro n es  
which a re  d isch a rg in g  only  b r i e f ly  when a c t iv a te d .  A s u b s ta n t ia l  
sh o rten in g  of th e  VR-DRP has never been observed even when th e  anaes­
th e s ia  was deep enough to  reduce th e  s iz e  o f  th e  YR-DRP (F ig . 4 9 )«
The in c reased  PAD am plitude o f te n  seen in  the  beginning  o f 
a n a e s th e s ia  (F ig s . 48, 50) i s  probably  caused by th e  removal o f 
spontaneous background a c t i v i t y  o f  th e  in te m e u ro n e s  m ediating  PAD 
which r e s u l t s  in  an in c re a se  in  th e  i n i t i a l  membrane p o te n t ia l  o f 
th e  prim ary a f f e r e n t  f i b r e s .  As a  consequence th e re  would be an in ­
c rease  in  th e  p o te n t ia l  d if f e re n c e  between the r e s t in g  p o te n t ia l  and 
th e  eq u ilib riu m  p o te n t ia l  of the  PAD, which would le ad  to  an in c re a se  
of th e  sy n ap tic  d r iv e  du rin g  a c t iv a t io n .  I t  i s  l ik e ly  th a t  the same 
mechanism i s  re sp o n s ib le  f o r  th e  in c re a se  o f p re sy n ap tic  in h ib i to r y  
a c tio n s  which i s  observed a f t e r  th e  a p p l ic a t io n  o f  a  sm all dose o f  
Nembutal to  a  d e c e re b ra te  u n a n ae s th e tize d  c a t  (F ig s . 40, 4 1 ).
The b a r b i tu r a te s  and C h lo ra lo se  pro long th e  d e c lin in g  phase 
o f th e  DRP in  the  l a t e r  s tag es  o f  a n a e s th e s ia  (F ig s . 41, 42 , 43, 48) •
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The VR-DRP is mostly prolonged right from the beginning (Fig. 48) .
The lengthening of PAD by these anaesthetics must be indicative of 
a prolonged action of the transmitter liberated by the presynaptic 
inhibitory synapses. A lengthening of the transmitter action of the 
cholinergic synapses on Renshaw cells was produced by anticholines­
terases (Eccles, Fatt and Koketsu, 1954; Eccles, Eccles and Fatt, 
1956; Curtis and Eccles, 1958)• Analogically it can be suggested 
that the lengthening of PAD occurs because the anaesthetics are 
depressing the action of an enzyme that destroys the transmitter sub­
stance. Until the transmitter substance is identified this explan­
ation cannot be experimentally tested.
The alternative explanation is that anaesthetics act by 
impeding the diffusional spread of the transmitter substance away 
from the site of its liberation and action in the synaptic cleft. 
With free diffusion the elimination of the transmitter from the syn­
aptic cleft would be expected to occur in a few milliseconds 
(Eccles and Jaeger, 1958)• However, it is recognized that the peri- 
synaptic barriers greatly impede the diffusion of transmitter from 
some synaptic clefts, notably from the cholinergic synapses on Ren­
shaw cells, where, after inactivation of cholinesterases, the 
acetylcholine liberated by an impulse lingers for as long as two 
seconds in the synaptic cleft (Eccles, Eccles and Fatt, 1956;
Curtis and Eccles, 1958)• Evidently there are very effective peri- 
synaptic barriers encasing some types of synapses. It appears that 
the barriers surrounding the presynaptic inhibitory synapses are so 
effective that the trananitter lingers as long as 200 to 300 msec in
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the synaptic cleft. The barbiturates and Chloralose might increase 
the effectiveness of these barriers, possibly by adsorption and the 
clogging of the remaining diffusional channels.
When it was discovered that strychnine specifically de­
pressed various types of inhibition in the spinal cord, it was 
initially postulated that all types of central inhibition were medi­
ated by the same synaptic transmitter substance and that stiychnine 
had a comparable steric configuration, so that on the receptor sites 
it was a competitive antagonist for the inhibitozy transmitter sub­
stance (Bradley, Easton and Eccles, 1953; Fatt, 1954). Furthermore 
it has been suggested that the convulsant action of strychnine could 
be due to this depression of central inhibition (Bradley, Easton and 
Eccles, 1953; Fatt, 1954; Curtis, 1959). It was recognized that 
there were several accounts in the literature of central inhibitory 
actions resistant to strychnine (Magnus and Wolf, 1913; Bremer, 1925; 
1941a,b, 1944, 1953, 1957; Liddell and Sherrington, 1925; Cooper and 
Creed, 1927; Creed et al., 1932; Creed and Hertz, 1933; Bremer and 
Bonnet, 1942, 1953; Terzuolo, 1952, 1954; Geraandt and Terzuolo,
1955). However, these inhibitions would all be exerted through poly­
synaptic pathways and it was suggested that the intensification of 
discharge through these pathways, as seen for example in the greatly 
increased and prolonged flexor reflexes, would greatly augment the 
inhibitozy synaptic bombardment on motoneurones and hence counteract 
the depressant influence of strychnine on the inhibitory synapses 
(Bradley, Easton and Eccles, 1953; Curtis, 1959).
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In retrospect it will be appreciated that this conceptual 
development arose because strychnine had been observed to depress 
all of the varieties of central inhibition that had been recognized 
in the spinal cord. However, it was suggested (Eccles, 1957) that 
the strychnine-resistant inhibitions may belong to a quite distinct 
type. At least some of the central inhibitions not affected by 
strychnine may be recognized now as examples of presynaptic inhib­
ition. For example, Liddell and Sherrington (1925) found that the 
stretch reflex of quadriceps muscle was inhibited by pulling on the 
knee flexor muscles, and this inhibition was not affected by injec­
tion of 0*1 mg/kg strychnine, or even of larger doses. This obser­
vation is important, for it shows that in large part the inhibition 
was not due to the postsynaptic inhibitory action of Group I affer­
ent fibres; but it is precisely the presynaptic inhibition that 
would be expected to be produced by the Group I afferent impulses 
from the knee flexors (cf. also Cooper and Creed, 1927). Strychnine 
has similar actions on the PAD of the toad and cat spinal cord; it 
does not affect the PAD in small concentrations but prolongs it in 
higher, convulsive concentrations (Figs. 48, 51). Thus it seems 
established that postsynaptic inhibition and PAD are mediated, both 
in cat and toad, by two quite different transmitter substances. The 
results obtained with Picrotoxin add further evidence to this con­
clusion.
A possible explanation of the depressant action of Picro­
toxin on the PAD in the toad (Fig. 52) and oat (Figs. 45, 46) spinal 
cord would be that it exerts a powerful background excitatory action 
on the interneuronal presynaptic pathways, which consequently are not
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as fully available for activation by conditioning volleys, i.e* that 
there is an occlusive action. But it has been found, to the con­
trary, that the increased interneuronal activation produced by 
strychnine actually increases PAD, apparently by facilitating the 
activation of intemeurones on the presynaptic inhibitory pathway. 
Furthermore, Picrotoxin depresses PAD at a dosage well below that 
causing convulsions. It may therefore be concluded that Picrotoxin 
effects a genuine depression of the presynaptic inhibitory synapses. 
Possibly this action is attributable to a competitive occupation of 
the receptor sites for the presynaptic inhibitory transmitter sub­
stance. Certainly the sharp differentiation between the inhibitory 
depressant actions of strychnine and Picrotoxin establishes that 
quite different transmitter substances mediate transmission at post- 
synaptic and presynaptic inhibitory synapses.
As stated above, it has been plausibly suggested that 
stiychnine and the other drugs depressing postsynaptic inhibition 
produce convulsions by this depressant action and not by any intens­
ification of excitatory synaptic action, for which there is in fact 
no acceptable experimental evidence. Complementarily it may be sug­
gested that the convulsant activity of Picrotoxin iq at least in the 
cat, due to the depression of presynaptic inhibition, which has been 
shown to be reduced to less than one half by doses that cause convul­
sions. This suggestion has a less impressive experimental basis than 
the complementary suggestion for the depressants of postsynaptic in­
hibition. In the first place a convulsant dose of Picrotoxin is 
much less effective in depressing presynaptic inhibition (to one half
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or one third) than is a convulsant dose of strychnine on postsynap- 
tic inhibition (to about one fifth) • Secondly, Picrotoxin and re­
lated convulsants are effective at all levels of the central nervous 
system, and it has not yet been shown that presynaptic inhibitory 
action is exerted on synapses throughout the central nervous system, 
though it has been demonstrated on the synaptic relay in the ventro- 
basal nucleus of the thalamus (Andersen, Brooks and Eccles, unpub­
lished) . Presynaptic inhibition in the thalamus is, however, less 
effective than on the primary cutaneous relay in the cuneate nucleus 
(cf. Section III) •
When attempting to assess the potency of Picrotoxin in 
depressing the effectiveness of presynaptic inhibitory synapses, it 
must be realized that Picrotoxin is acting on at least two sites on 
this presynaptic pathway. In the first place it will be depressing 
all the background presynaptic inhibition on the synapses of the 
primary afferent fibres of this pathway, and hence augmenting the 
neuronal discharges along this pathway. In the second place it will 
be depressing the depolarizing action of these impulses whereby they 
exert their presynaptic inhibitory action. A further possibility is 
that the neuronal discharges in the pathway are augmented also by 
the increased intemeuronal bombardment that becomes evident in the 
convulsive discharges. The observed depression of presynaptic inhib­
ition derives solely from the second action cited above; the other 
two would operate antagonistically in tending to increase the presyn­
aptic inhibition. It can be concluded that the method of testing by 
the reduction that Picrotoxin produces both in the DRP and P-wave and
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in presynaptic inhibition is likely to underestimate its effective­
ness in depressing the individual presynaptic inhibitory synapses.
At first sight the depression of the DRP in the toad 
spinal cord by GABA, Y-amino-propane-sulphonic acid and glutamic 
acid (Fig* 53) seems to be due to the depolarization of the dorsal 
root fibres by these substances (Fig. 54). This depolarization 
could be caused either by a direct depolarizing action on the prim­
ary afferent fibres or by stimulation of the intemeurones liberat­
ing the presynaptic transmitter. There is however a striking dif­
ference between the amount of excitability increase and DRP depres­
sion; for instance, Y-amino-propane-sulphonic acid in the same con­
centration produces an excitability increase of 12.5$ in Fig. 54 and 
a reduction of the DRP to about 50$ (Fig. 53)• Further, the duration 
of the declining phase of the DRP is considerably shortened under the 
influence of GABA and Y-amino-propane-sulphonic acid. It is there­
fore suggested that these two amino acids reduce the DRP not only by 
depolarizing the primary afferent fibres, but also by depressing the 
intemeurones on the pathway to the presynaptic synapses.
Glutamic acid is obviously the most potent depolarizing 
substance of the three amino acids tested (Fig. 54). In analogy 
with the results on motoneurones (Curtis et al., I960) it may be 
assumed that this amino acid directly depolarizes the primary affer­
ent fibres. An alternative explanation would be that glutamic acid 
stimulates the intemeurones liberating the presynaptic transmitter. 
The high concentrations necessary to produce appreciable excitability
changes in primaiy afferent fibres makes it unlikely that any of the 
three amino acids is closely related to the transmitter substance
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l ib e r a te d  a t  th e  p re sy n ap tic  synapse.
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V I. GENERAL DISCUSSION
The o p e ra tio n a l r e la t io n s h ip s  o f th e  th re e  m ajor system s 
o f  p re sy n ap tic  in h ib i t io n  in  th e  lum bosacral cord  o f  th e  c a t a re  
shown in  F ig . 55. S ince no to p o g ra p h ic a l p a t te rn  fo r  th e  muscle 
a f f e r e n t  f ib r e s  could  be found and s in ce  no id e n t i f i c a t io n  as to  
th e  sensory  m odality  o f  th e  cutaneous a f f e r e n t  f ib r e s  was p o s s ib le , 
the  Group l a ,  Group lb  and cutaneous f ib r e s  were each assem bled in ­
to  re s p e c tiv e  groups on th e  r e c ip ie n t  s i t e .  The a f fe re n t  in p u ts  
were pooled to  g ive  th e  b a s ic  ty p es  as shown by th e  symbols. The 
pathways o f p re sy n ap tic  in h ib i t io n  a re  in d ic a te d  by arrow s, t h e i r  
th ic k n e sse s  being  p ro p o r tio n a l to  t h e i r  mean d e p o la r iz in g  po tency . 
The f ig u re  summarizes th e  r e s u l t s  o f v a rio u s  in v e s t ig a t io n s  from 
t h i s  la b o ra to ry  and th e  fu n c tio n a l ro le  o f  th e  PAD o f  muscle a f f e r ­
en t f ib r e s  has been d iscu ssed  elsew here (E cc le s , Schmidt and W il l i s ,  
1962b)• The cutaneous f ib r e s  re c e iv e  by f a r  th e  g r e a te s t  PAD from 
cutaneous f ib r e s  but a p p re c ia b le  d e p o la r iz a t io n  o f  cutaneous f ib r e s  
i s  a lso  produced by Group lb ,  I I  and I I I  f ib r e s  from m uscle.
Although i t  i s  tem pting to  sp ec u la te  on th e  p h y s io lo g ic a l 
s ig n if ic a n c e  o f th e  p re sy n ap tic  in h ib i t io n  o f cutaneous a f f e r e n t  
f ib r e s ,  any such c o n s id e ra tio n  i s  a t  p re sen t handicapped by th e  lack  
o f  in fo rm atio n  about th e  m o d a litie s  involved  in  producing as  w e ll as 
re c e iv in g  p re sy n ap tic  in h ib i t i o n .  I f  one assumes th a t  a l l  th e  m ajor 
sk in  m o d a lit ie s , such as h a i r  movement, to u ch , p re s su re , p a in  and 
tem p era tu re  a re  r e c ip ro c a l ly  p a r t ic ip a t in g  in  the g e n e ra tio n  o f PAD, 
p re sy n ap tic  in h ib i t io n  ap pears  a s  a  v e ry  e f f e c t iv e  n eg a tiv e  feedback
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mechanism which w i l l  te n d  to  reduce th e  amount o f in fo rm atio n  e n te r­
ing th e  sp in a l cord  a t  th e  e a r l i e s t  p o s s ib le  le v e l ,  even b e fo re  i t  
had any sy n ap tic  a c t io n .  A pow erful a f f e r e n t  inpu t w i l l  suppress 
a l l  t r i v i a l  in p u ts  th u s  c le a r in g  the  way fo r  u rg e n t m essages. The 
pow erful in p u t w i l l ,  o f co u rse , a lso  be su b jec te d  to  the  d if fu s e  
d ep re ssan t a c t io n  o f p re sy n ap tic  in h ib i t io n  which i t  g e n e ra te s . B ut, 
i f  s u f f i c i e n t ly  pow erfu l, t h i s  d e p re ss io n  w i l l  be n e g l ig ib le ,  as 
i l l u s t r a t e d ,  fo r  example, w ith  th e  m onosynaptic t r a c t  d isch a rg es  in  
F ig . 11.
I t  must not be assumed th a t  th e  pathways shown in  F ig . 55 
a re  th e  only ones a v a i la b le  fo r  d e p o la r iz a tio n  o f prim ary a f f e r e n t  
f i b r e s .  For example i t  has been shown (A ndersen, E cc les  and S e a rs , 
1962; C arp en te r, Lundberg and B o rs e l l ,  1962) th a t  v o lle y s  descend­
ing  from th e  sen so ri-m o to r c o rte x  produce PAD o f  Group lb and c u t­
aneous a f f e r e n t  f ib r e s  in  th e  lumbar co rd . Furtherm ore, p re sy n ap tic  
in h ib i t io n  o f prim ary a f f e r e n t  f ib r e s  does not only  occur a t  t h e i r  
le v e l  o f e n try  in to  th e  s p in a l  cord b u t a lso  a t  t h e i r  sy n ap tic  end­
ings a t  re la y s  such as  the  cuneate  n u c le u s . Here ag a in  p re sy n ap tic  
in h ib i t io n  can be produced through ascending  as w e ll as th rough des­
cending pathw ays. C e n tr ifu g a l c o n tro l  of th e  sensory  mechanism has 
now been recogn ized  f o r  a  wide v a r ie ty  o f  sensory  in p u ts  ( f o r  review  
see L iv in g sto n , 1959; H agbarth , I9 6 0 ) . Many o f  th e se  c e n tr i fu g a l  
system s o f sensory  c o n tro l in vo lve  in h ib i to r y  p ro c e sse s , bu t th e  
p a r t i c u la r  ty p e  o f  in h ib i t io n  u s u a lly  has no t been determ ined . I t  
can be p o s tu la te d  th a t  p re sy n ap tic  in h ib i t io n  p rov ides th e  f i r s t  
s tag e  f o r  s e le c t in g  th e  s ig n i f ic a n t  sensory  d a ta  from th e  v a s t  amount
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of in fo rm atio n  o ffe re d  "by th e  sense o rg an s .
P resy n ap tic  in h ib i t io n  may a lso  be im portan t a t  sy n ap tic  
re la y s  beyond th o se  made by th e  prim ary a f f e r e n t  f i b r e s .  I t s  prop­
e r t i e s  make i t  id e a l ly  s u ite d  fo r  even more complex ta sk s  o f sen­
sory  p e rc e p tio n  such as the  sharpening  o f b o rd e rs  o r  th e  enhancement 
o f c o n t r a s t .  For example, i t  does no t seem im possib le  th a t  th e  
in h ib i t io n  o f  c o r t i c a l  neurones o f  th e  p o s tc e n tra l  gyrus caused by 
s tim u la tio n  of th e  sk in  ju s t  o u ts id e  t h e i r  re c e p tiv e  f i e ld s  
(M ountcastle  and P ow ell, 1959) i s  produced by p re sy n ap tic  in h ib i to ry  
a c t io n .  Conceivably post sy n ap tic  in h ib i t io n  could  ta k e  p lace  a t  any 
o f th e  synapses o f th e  lem n isca l sensory  pathway, bu t a t  le a s t  th e  
in h ib i t io n  o ccu rrin g  a t  the le v e l  o f  th e  d o rsa l column n u c le i  i s  
predom inantly  p re sy n ap tic  (A ndersen, E cc les  and Schmidt, 1962 and 
u n p u b lish e d ). W all (1961) s tu d ie d  th e  re c e p tiv e  f i e ld s  o f d o rsa l 
column n u c le i  c e l l s  and found indeed  th a t  s t im u la tio n  o f th e  su r­
roundings o f  a c e lls*  re c e p tiv e  f i e l d  d id  reduce th e  number o f  im­
p u lses  evoked from th e  e x c ita to ry  a re a  o f th e  s k in .
Many o th e r  in h ib i to ry  a c t io n s  in  v a r io u s  p a r ts  o f  the  
c e n tr a l  nervous system  have tim e cou rses  and p ro p e r t ie s  s im ila r  to  
th o se  observed w ith  p re sy n ap tic  in h ib i t io n  in  th e  s p in a l  c o rd . 
E v id en tly  th e  re se a rc h  in to  th e  p o s s ib le  ro le  o f  p re sy n ap tic  in h ib ­
i t i o n  in  th e  fu n c tio n in g  o f the  c e n tr a l  nervous system has only 
begun.
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TABLE I
Mean v a lu es  in  mV o f  th e  d e p o la r iz a t io n  (PAD) produced by the  a c t io n  o f  a f f e r e n t  
v o lle y s  on cutaneous a f fe re n t  f ib r e s  o f  th e  SU ( f i r s t  colum n), SP (second column) 
and PT ( th i r d  column) n e rv e s . The f ig u re s  in  b ra c k e ts  a re  the numbers o f f ib r e s  
used  fo r  de term in ing  th e  mean v a lu e . S tim u la tio n  o f th e  cu taneous nerves was by 
a s in g le  s tim u lus o f fo u r  tim es th re s h o ld  s t re n g th . The muscle nerves were s tim ­
u la te d  e i th e r  w ith  fo u r shocks ( a t  220 o r  300/s e c )  o f  Group I  s tre n g th  o r w ith  a 
s tre n g th  s u f f ic ie n t  to s tim u la te  most o f  th e  Group I I  and some o f  the  Group I I I  
f ib r e s  (4 to 20 tim es th r e s h o ld ) . The v a lu es  o f d e p o la r iz a t io n  in  t h i s  l a t t e r  
group a re  the  d if fe re n c e  between the  d e p o la r iz a t io n  caused by h igh  and low th r e s ­
ho ld  s tim u la t io n . T h is procedure n e c e s s a r i ly  u n d e re stim ate s  th e  PAD produced by 
high  th re sh o ld  muscle a f f e r e n t  f i b r e s .  F ib re s  w ith  r e s t in g  and a c t io n  p o te n t ia l s  
o f le s s  th an  35 mV a re  no t inc luded  in  t h i s  t a b le .
SU SP PT
RESTING POTENTIAL 58 ( 5) 49 (e ) 56 ( 19)
ACTION POTENTIAL 74 ( 5) 45 (8 ) 59 ( 19)
1 SU 0 *98 ( 3) 0 . 3 3 (7 ) 0 .4 5  ( 17)
1 SP 1.15 ( 5) 0 .4 9 (7) 0 . e3 ( 19)
1 PT 0 .8 6  ( 4) 0 .5 0 (7 ) 0 .7 8  ( 16)
GROUP I  MUSCLE
4 PBST 0 .3 7  ( 3) 0 .2 2 (4) 0 .3 5  ( 10)
4 PDP 0 .4 5  ( 3) 0 .3 0 (4) 0 .2 7  ( 10)
4 Q 0 .4 5  (3) mm 0 .3 6  (5)
4 SMAB 0 .2 7  ( 3) 0 .3 1 (2 ) 0 .2 4  ( 8)
4 GS 0 .1 3  ( 3) 0 .2 0 (1 ) 0 .2 4  ( 8)
4 FDHL- P 1 0 .1 6  (3) 0 .0 0 ( 1) 0 . 2 3  ( 7)
GROUP I I  + I I I  MUSCIE
4 PBST 0 .1 5  ( 1) 0 .1 1 (2) 0 .1 4  ( 7)
4 PDP 0 .1 5  ( 1) 0 .2 4 (2) 0 .3 0  ( 7)
4 Q m 0 .1 0 (1 ) «■*
4 SMAB 0 .00  ( 1) • n 0 .1 1  (7)
4 GS 0 .3 0  ( 1) 0 .2 6 ( 2) 0 . 1 1  ( 7)
4 FDHL-P1 0 .10  ( 1) 0 .8 2 ( 1) 0 .1 5  (6)
FIG. I . I n t r a c e l lu l a r  reco rd in g  from a cutaneous a f f e r e n t  f ib r e  
o f th e  SU n e rv e . The rec o rd  in  the  upper r ig h t  hand c o m e r  shows 
in  th e  upper t r a c e  th e  i n t r a c e l l u l a r  spike and in  the  lower th e  
cord dorsum p o te n t i a l .  The sp ike  was photographed a t  th e  end o f 
th e  experim en ta l s e r ie s  when th e  r e s t in g  p o te n t ia l  had somewhat 
d e c lin e d . A ll  o th e r  re c o rd s  were recorded  a t  a h ig h e r a m p lif ic a ­
t io n  and show the  e f f e c t s  o f  a f f e r e n t  v o lle y s  in  v a rio u s  cutaneous 
and raus cLe nerves o f  the hind lim b, as in d ic a te d  by th e  sym bols.
The upper t r a c e s  a re  the i n t r a c e l lu l a r  re c o rd s , d e p o la r iz a tio n  
be ing  upw ards. The m iddle t r a c e s  a re  th e  f i e l d  p o te n t ia ls  reco rded  
ju s t  o u ts id e  th e  f ib r e  and th e  lower t r a c e s  a re  the  cord  dorsum 
p o te n t i a l s ,  an upward d e f le x io n  being  p o s i t iv e .  S u b tra c tio n  o f  th e  
e x t r a c e l lu la r  f i e ld s  from th e  i n t r a c e l l u l a r  p o te n t ia ls  g iv e s  th e  
membrane p o te n t ia l  change. The cutaneous nerves in  th e  f i r s t  row 
have been s tim u la te d  w ith  s in g le  shocks o f fo u r tim es th re sh o ld  
s t r e n g th .  A ll  o th e r  ne rv es  were s tim u la ted  w ith  fo u r shocks a t  300/ 
sec and th e  s tim u lu s  s tr e n g th  i s  in d ic a te d  on each re c o rd . The 1 mV 
c a l ib r a t io n  i s  f o r  th e  i n t r a c e l l u l a r  re co rd s  o n ly . The 10 msec tim er 
i s  f o r  a l l  excep t th e  sp ik e  re c o rd  which was reco rded  a t  th e  f a s t e r  
sweep speed (msec t im e r ) .
CALIB—  SP
\  90V /
FDHLPLSMAB
PT—»SP
GS(M M II)—* S P --------
•  4PBST(I)— *SP
120 -
/  /  A \ > ,
100
FIG, 2 . E x c i ta b i l i ty  changes produced by muscle and cutaneous 
v o lle y s  in  SP f i b r e s .  A g la s s  m ic ro e lec tro d e  f i l l e d  w ith  4 M 
NaCl ( r e s is ta n c e  1 .5  Mfi) was in s e r te d  from th e  cord dorsum a t  
segm ental le v e l  to  a  depth  o f 1.5 mm. S in g le  p u lses  o f 0 .2  msec 
d u ra tio n  were a p p lie d  by a Grass s t im u la to r , th e  e le c tro d e  being  
n eg a tiv e  to  th e  in d if f e r e n t  e le c tro d e . The e x c i t a b i l i ty  changes 
were m easured by f i r s t  determ in ing  the  s iz e s  o f sp ikes produced in  
th e  SP nerve by c u rre n t p u lse s  evoked by a whole range o f v o lta g e s . 
The CALIB s e r ie s  in  the f i r s t  row g iv es  specimen reco rd s  a t  a  
s tr e n g th  o f s tim u la tio n  in  v o l t s .  In  the second row th e  stim ulus 
s tre n g th  was kep t c o n sta n t a t  90 V and preceded a t  a  f ix e d  in te r v a l  
o f 35 msec by fo u r a f f e r e n t  v o lle y s  a t  220 /sec  o f maximal Group I  
s tre n g th  in  each o f the  m uscle nerves in d ic a te d  by th e  sym bols.
Each specim en reco rd  shows superimposed a  c o n tro l  and a co n d itio n ed  
an tid rom ic  s p ik e . The th i r d  row of specimen reco rd s  was tak en  a t  a  
s l i g h t ly  h ig h e r a m p lif ic a tio n . The stim ulus was kep t c o n s ta n t a t  
75 V and preceded by a s in g le  a f fe re n t  v o lle y  o f fo u r tim es th re s h o ld  
in  th e  FT n e rv e . The s iz e  o f the  in te g ra te d  sp ik es  produced a t  any
test interval was matched against the calibration series, in order 
to determine the relative excitabilities, which are plotted as 
ordinates in the graph (open circles) against the conditioning 
intervals as abscissae. The excitability changes after 4 volleys of 
Group I strength in PBST (filled circles) and after a single shock 
of Group III strength in GS (open triangles) are also plotted.
CAIIB—»SP
FIG. 5 . E x c i t a b i l i ty  changes produced in  SP f ib r e s  by Group la  
and lb  a f f e r e n t  f ib r e s  from PBST n erv e . The e x c i t a b i l i t y  changes 
a re  measured as in  Fig1. 2 by f i r s t  de term in ing  the  s iz e  of sp ik es  
produced in  th e  SP nerve by c u rre n t p u lse s  produced by a whole 
range o f  v o lta g e s . A specimen s e r ie s  i s  shown in  th e  CALIB s e r ie s  
in  A fo r  the  in d ic a te d  v o lta g e s . In  th e  s e r ie s  o f B th e  stim ulus 
v o lta g e  was co n stan t a t  90 V and preceded a t  a f ix e d  in te r v a l  o f 
35 msec by 4 a f f e r e n t  v o lle y s  in  PBST a t  2 2 0 /sec . The stim ulus 
s t r e r g th  r e la t iv e  to  th e  th re sh o ld  s tre n g th  fo r  each o f  th e  con­
d i t io n in g  PBST v o lle y s  i s  in d ic a te d . The specimen re c o rd s  in  C 
show th e  la - lb  com position o f th e  fo u r th  v o lle y  o f  th e  te ta n ic  t r a i n  
in  PBST fo r  th e  s tim ulus s tre n g th s  shown a t  th e  co rresponding  
reco rd s  in  B, and as determ ined by the  double s tim u lu s  tech n iq u e .
The percen tag e  la  and lb com position o f th e  PBST a f f e r e n t  v o lle y s  
i s  f u l l y  p lo t te d  in  E , V oltage c a l ib r a t io n  in  A i s  f o r  A and B 
o n ly . Same experiment as F ig .  2 .
SP1.5T j
]02mV 40T /
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FIG* 4. The upper traces are dorsal root potentials (DRP) which
were evoked by afferent volleys of increasing strength in SP nerve
and recorded in the most caudal rootlet of the L dorsal root*
b
The lower traces are cord dorsum surface potentials recorded by an 
electrode slightly more caudal than the level of the dorsal root­
let. Stimulus strength is indicated relative to threshold strength 
(T) • In the right-hand diagram the four DRPs are enlarged and 
superimposed to illustrate the change in amplitude and tine course* 
Both amplifiers had time constants of 1 sec. There was no apprec­
iable change in the time course of the DRP observed with DC 
amplification* The undershoot after 150 - 200 msec was often 
observed. Negativity is upwards with respect to the indifferent 
electrode, in these and subsequent similar records. (Prom Eccles, 
Kbstyuk and Schmidt, 1962a) ,
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FIG. 5 * Time course  o f e x c i t a b i l i t y  changes produced by muscle 
and cutaneous v o lle y s  in  SR f ib re s *  A p latinum  e le c tro d e  w ith  
a b a l l  t i p  o f 0*5 mm d iam eter was p laced  on a mid d o rsa l ro o t­
l e t  a t  i t s  en trance  in to  th e  sp in a l co rd . S in g le  p u lses  o f  0*2 
msec d u ra tio n  were a p p lie d  by a Grass s t im u la to r ,  th e  e le c tro d e  
being n eg a tiv e  to  th e  in d i f f e r e n t  e le c tro d e . The e x c i t a b i l i ty  
changes were measured as in  F ig s . 2 and 3 . The CALEB s e r ie s  in  A 
g iv es  specimen re c o rd s  a/t s tre n g th s  o f s t im u la tio n  in  mV, th e  
f i r s t  re c o rd  being  th e  an tid rom ic  sp ike  th e  o th e rs  th e  in te g ra te d  
re c o rd s . In  B a te s t in g  pu lse  o f 440 mV was ap p lie d  a t  v a rio u s  
in te r v a ls  ( in d ic a te d  in  msec) a f t e r  a  s in g le  UL vo lley*  The s iz e  
o f  th e  in te g ra te d  sp ik es  produced a t  any t e s t  in te r v a l  was matched 
a g a in s t th e  c a l ib r a t io n  s e r i e s ,  in  o rd e r  to  deteim ine th e  r e l a t i v e  
e x c i t a b i l i t i e s ,  which a re  p lo t te d  as  o rd in a te s  in  th e  graph C
(filled circles) against the conditioning intervals as abscissae* 
The open circles give the relative excitabilities after a single 
conditioning volley in the ME nerve. D, E and F correspond to A,
B and C respectively, but the recording of the SR nerve had been 
made more monophasic by crushing the end of the nerve. The 
excitability changes in the SR fibres were measured after a single 
volley of either maximum Group III (specimen records in E and open 
circles in F) or maximum Group ^strength in the DI nerve (filled 
circles in F) . (From Schmidt and Willis, 1962b)•
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FIG. 6 . Intracellular recording from a cutaneous afferent fibre 
of the M nerve. The fibre was impaled in the cuneate nucleus. A 
shows in the upper trace the intracellular spike and in the lower 
the cord dorsum potential recorded from the surface of the cuneate 
nucleus. B to D show at a higher amplification the intra (upper 
traces) and extracellular (middle traces) potential charges after a 
single shock of four times threshold to the nerves indicated. The 
lower traces are again the cuneate surface potentials. F to H were 
taken at a higher sweep speed to demonstrate the rising phase of the 
PAD on which dorsal root reflexes are superimposed. In E a still 
faster sweep speed has been employed and the stimulus strength has 
been adjusted to the threshold of the fibre under observation. Note 
separate potential and time scales for A, B - D, and F - E* E 
has a separate time scale.
Omm B
PIS, 7. A, B are potentials led by a glass microelectrode from 
the surface of the cuneate nucleus and evoked by a single volley 
in the SR nerve and by repetitive stimulation of the contra­
lateral sensori-motor cortex (CORT) . In C, I) the microelectrode 
tip was at a depth of 1.1 ram. Potential and time scales are for 
A-D. In a drawing (E) of the dorsum of the cuneate nucleus 
(CUN' MJC) and its environment, the sizes of the P waves produced 
by SR and CORT are shown as described in the text, zero responses 
being shown by - signs. CIDR is the first cervical dorsal root.
P gives time courses of the excitabilities of presynaptic termin­
als in the cuneate nucleus which were measured as percentages of 
the control excitability as already described (Figs. 2, 3), and
plotted against time after the first conditioning stimulus. G 
is drawn from a sagittal section of the cuneate tract and 
nucleus, Cl showing first cervical root. Exoitability changes 
of the SR fibres were tested as in F at the three sites indi­
cated by the vertical arrows, and the increases are shown at a 
testing interval of 51 msec for CORT and 45 msec for M.
FIG, 8, Flexor reflex inhibition by a single cutaneous volley.
The flexor reflex was evoked by a single volley in another cutan­
eous pathway and was recorded monophasically from the nerve to 
FBST muscle. The specimen records in A and B show in the upper 
line the reflex discharge which is integrated in the lower line.
The numbers indicate the intervale (msec) between the conditioning 
and testing volleys, which are specified. FT and SP are combined to 
give about the same flexor reflex response (control (CON) in A) as 
SU alone (CON in B) . In C the amplitude of the integrated spike is 
plotted as percentage of control values for various intervals 
between the two volleys. Open circles correspond with A, filled 
circles with B, the curve being drawn for the open circles. Stim­
ulus strength for all nerves was four times threshold. Stimuli 
were applied every 4,5 sec. In A and B the voltage scale is for 
the flexor reflexes; same time scale (msec) for all records, (From 
Eccles, Kostyuk and Schmidt, 1962b),
FIG, 9, Flexor reflex inhibition by cutaneous and muscle af­
ferent volleys. The flexor reflex was evoked by a single volley 
in the SR nerve and recorded monophasically in the DI nerve.
The specimen records in A and C give the reflex discharges which 
are integrated in the lower line. The numbers indicate the 
intervals in msec between the conditioning and testing volleys.
In B and D the amplitudes of the integrated spikes are plotted 
as percentages of control values for various intervals between 
the volleys. Filled circles in B and 1) are partly illustrated 
by the records in A and C respectively. The open circles in A 
show the depression of the flexor reflexes when conditioned by 
a volley in the SR nerve and the open circles in D when con­
ditioned by a single Group I afferent volley in the TIO nerve. 
Stimulus strength for the cutaneous and mixed nerves was 4 times 
threshold. The voltage scale in A and C is for the flexor reflex 
es. (From Schmidt and Willis, 1962b) «
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FIG» IO. I n h ib i t io n  o f  a f le x o r  r e f l e x  by c o n d itio n in g  v o lle y s  
in  m uscle n e rv e s . The f le x o r  r e f le x e s  evoked by a s in g le  v o lle y  
in  the  PT nerve were recorded  m onophasically  as in  F ig .  8, and 
th e  in te g ra te d  r e f le x  d isch a rg es  were p lo t te d  as in  F ig . 8 C as 
percen tag es  o f  th e  mean c o n tro l v a lu e . In  A the  f le x o r  r e f le x  was 
co n d itio n ed  by fo u r  v o lle y s  ( a t  220/sec) o f  Group I  s tre n g th  in  
PDP. In  B open c i r c l e s  show th e  e f f e c t  o f fo u r  v o lle y s  s e t  up by 
a  s tim u lu s  of Group I  s tre n g th  in  GS, and f i l l e d  c i r c l e s  by a 
s tim u lu s  o f Group I I I  s tre n g th  (40 tim es th re sh o ld )  on th e  same 
r e f l e x .  The in te r v a l s  a re  measured betw een th e  a r r i v a l  tim es a t  
th e  s p in a l co rd  o f th e  f i r s t  muscle v o lle y  and th e  PT v o l le y .
(From E c c le s , Kostyuk and Schm idt, 1962b).
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FIG» l i e In h ib i t io n  o f  d isch a rg es  reco rded  monoph&sically from 
th e  i p s i l a t e r a l  cutaneous t r a c t .  The a c t io n  p o te n t ia ls  were 
evoked by a s in g le  SP stim u lus (fo u r  tim es th re sh o ld ) and were 
co n d itio n ed  by an o th er s in g le  s tim ulus ( fo u r  tim es th re sh o ld ) in  
SU# The specimen re c o rd s  in  A show in  th e  upper l in e  th e  e a r ly  
t r a c t  d isch a rg e s , in  the  low er l in e  the cord dorsum p o te n tia ls*
Each reco rd  c o n s is ts  o f th re e  superimposed sweeps. The numbers 
in d ic a te  th e  i n te r v a l  (msec) between the  two v o lle y s , CON being  
the  c o n tro l re c o rd . B shows a s im ila r  s e r ie s  recorded  w ith  a 
slow er sweep speed , and w ith  in te g ra te d  t r a c e s  so th a t  th e  am pli­
tude o f th e  l a t e  d isch a rg es  can be m easured. P o te n t ia l  s c a le s  a re  
fo r  th e  monophasic reco rd s  o n ly . In  C (open c i r c le s )  the depres­
s io n  o f th e  m onosynaptic d isch arg e  ( i . e .  th e  am plitude o f the f i r s t  
sp ike  in  A) i s  p lo t te d  as percen tage  o f th e  mean c o n tro l v a lu e , 
a g a in s t  the  in te r v a l  (msec) between th e  two v o lle y s . The 
d ep re ss io n  o f th e  l a t e  d isch a rg es  ( i . e .  in te g ra te d  re c o rd s  of B) i s  
p lo t te d  as f i l l e d  c i r c l e s .  These were measured a f t e r  th e  tim e o f
the monoph&sic spike in order to reject its contribution to the 
integrated response, i.e. the measurements were made between the 
levels of the integrated curves at from 1,3 msec to 19 msec after 
the onset of the monophasic discharge, (From Eccles, Kostyuk 
and Schmidt, 1962b),
FIG. 13« Reduction in number of discharges and lengthening of 
latency of a C type interneurone (depth 2 mm). Upper traces 
are the extracellular recordings, lower traces are the cord 
dorsum surface potentials recorded from segmental level. In 
A the spikes were evoked by a single volley in SP nerve and con­
ditioned by a single volley in SU nerve. In B a conditioning 
volley in SU preceded a test volley in the same nerve. The inter­
val (msec) between the conditioning and the testing volley is 
indicated for each record, CON being the controls. At the short­
est intervals part of the spikes evoked by the conditioning 
volleys can also be seen. Voltage calibration is for extracel­
lular recording only. (From Eccles, Kostyuk and Schnidt, 1962b)*
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FIG, 14, Reduction in  number o f d isch a rg es  and leng then ing  of 
la te n c y  o f an in te rn eu ro n e  in  th e  cuneate  nucleus hy c o n d itio n ­
ing  v o l le y s .  In  A th e  in te rn eu ro n e  was a c t iv a te d  by a s in g le  
v o lle y  o f fo u r tim es th re sh o ld  in  SR and co n d itio n ed  by an o th er 
s in g le  v o lle y  in  U ( f i l l e d  c i r c le s )  o r  sh o rt te ta n ic  s tim u la tio n  
(4 shocks a t  220/sec) o f  th e  sen so ri-m o to r c o rtex  (open c i r c le s )  . 
The curves p lo t th e  tim e between th e  s tim u lu s  to  th e  SR nerve and 
th e  f i r s t  sp ike d isch arg e  o f the  in te m e u ro n e  a g a in s t th e  i n t e r ­
v a l  between c o n d itio n in g  and te s t in g  s tim u lu s . In  B, C the same 
in te rn e u ro n e  was a c t iv a te d  by a s in g le  M v o lle y  and co n d itio n ed  
by a SR v o lle y , C corresponds to  A, In  B the  number o f  d is c h a r­
ges fo llow ing  th e  t e s t  v o lle y  a re  p lo t te d  a g a in s t th e  in te r v a l  
between c o n d itio n in g  and t e s t in g  s tim u lu s .
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FIG . 17« D epression  o f d o rs a l  ro o t r e f le x e s  (DRR) recorded  in  
th e  SR n e rv e . In  A th e  c o n tro l reco rd  (CON) was evoked by s in g le  
a f f e r e n t  v o lle y  in  th e  ME n erv e . In  the  o th e r  reco rd s  th e  ME 
v o lle y  was preceded by e s in g le  v o lle y  o f  maximal Group I I I  
s tre n g th  in  th e  DI nerve  a t  th e  in d ic a te d  in te r v a ls  (msec) above 
each re c o rd . The f u l l  tim e course  o f  th e  d e p re ss io n  i s  p lo t te d  in  
B ( f i l l e d  c i r c l e s ) • The open c i r c l e s  p lo t  th e  d ep ress io n  o f  th e  
same DRR when th e  c o n d itio n in g  v o lle y  in  th e  DI was maximal fo r  
Group I  a f f e r e n t  f i b r e s .  C and D correspond to  A and B b u t th e  
DRR was evoked by a s in g le  UL v o lle y  and co n d itio n ed  by a s in g le  
a f f e r e n t  v o lle y  o f  Group I I I  (specimen reco rd s  in  C and f i l l e d  
c i r c l e s  in  D) o r Group I  s tre n g th  in  TID (open c i r c le s  i n  D) • 
V oltage c a l ib r a t io n  in  A and C is  f o r  DRR re c o rd s . Body tem pera­
tu re  o f th e  c a t was 32 c C« (From Schmidt and W il l i s ,  1962b)»
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FIG» 16. E x c i ta b i l i ty  changes in  Group I  muscle a f f e r e n t  f ib r e s  
a t  v a rio u s  depths in  the sp in a l co rd . Changes in  e x c i t a b i l i ty  o f 
f ib r e s  be long ing  to  th e  FDHL-PL nerve produced by f iv e  c o n d itio n ­
ing  v o lle y s  (Group I  s tre n g th )  in  the  PBST nerve were determ ined 
as  in  F ig . 2 . Sample re c o rd s  o f uncond itioned  (CALIBR.) and con­
d it io n e d  sp ik es  a re  shown in  A and B fo r  the  in d ic a te d  d e p th s ,
0 .5  mm and 3 .4  mm. The e n t i r e  s e r ie s  o f e x c i t a b i l i t y  determ in­
a t io n s  from which th e  sample reco rd s  were taken  a re  p lo t te d  in  C 
(open c i r c l e s ) • S im ila r  d e te rm in a tio n s  were made in  an o th er t r a c k  
400 m icrons cauda lly  ( f i l l e d  c i r c l e s ) • (From E c c le s , Schmidt and 
W il l i s ,  1963b).
FIG. 19» Locations of depolarizing foci on primary afferent 
fibres. B and C are excitability increases measured as in Fig*
2 and plotted as in Fig. 18 C against the depth in mm along a 
microelectrode track rather more medial than that in A, where 
the depths in mm are marked. The conditioning stimuli and the 
fibre terminals on which they were tested are indicated for each 
series. In D the series of focal potential records with three 
or four superimposed traces were recorded at the indicated 
depths in mm along the track shown in A and were evoked by four 
PLP Group I volleys at 300/sec. A is a traced enlargement of 
the section through the spinal cord with the microelectrode in 
situ. Upward deflections in D signal negativity. Same potential 
and time scales for all traces, (From Eccles, Schmidt and Y/illis 
1963b) *
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FIG. 20» F ield , p o te n t ia ls  produced by s in g le  a f fe re n t  v o lle y s  
from SP n e rv e . The le f t-h a n d  column shows specimen re c o rd s  o f  
th e  f i e l d  p o te n t ia ls  g en era ted  by a s tim u lu s  to  SP nerve o f  fo u r 
tim es th re sh o ld  s tre n g th  a t  th e  in d ic a te d  depths along th e  tra c k  
marked by an arrow in  th e  con tour diagram . Records were made a t  
each 0 .2  mm, bu t only every second re c o rd  i s  d isp la y ed . Upward 
d e fle x io n s  s ig n a l n e g a tiv i ty  r e l a t i v e  to  th e  in d if f e r e n t  e a r th  
le a d . The con tour diagram  i s  de riv ed  from measurements o f  a  
s e r ie s  o f  s ix  tra c k s  0*25 mm a p a r t ,  as shown by th e  o b liq u e  l i n e s .  
The p o te n t ia ls  were measured a t  40 msec a f t e r  th e  v o lle y  in  o rd e r  
to  avoid d i s to r t io n  by fo c a l  sy n ap tic  p o te n t ia l s ,  b u t as a  con­
sequence th e  p o s i t iv e  p o te n t ia ls  in  th e  cord dorsum were u n d e re s t i ­
m ated. A fte r  th e  l a s t  (most m edial) tra c k  th e  m ic ro -e le c tro d e  was 
l e f t  in  th e  s p in a l  cord  and i t s  p o s i t io n  was determ ined i n  th e  
h is to lo g ic a l  p re p a ra t io n . (From E c c le s , Kostyyk and Schm idt, 1962a),
FIG, 21» Temporal summation of afferent volleys producing 
dorsal root potentials and P-waves. The upper row shows DRPs 
(upward deflections) and P-waves produced by the indicated 
number of maximum Group I volleys in FBST nerve at 300/sec, 
while the lower row shows similar records for PDP volleys.
The upper voltage scale applies to all DRPs, the lower to all 
P-waves, The time scale applies to all records. (From 
Eccles, Schmidt and Willis, 1963b),
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FIG« 22. Temporal facilitation in production of dorsal root 
potentials. Two Group I FBST volleys were set up at the inter- 
vals indicated by the arrows in the specimen records of A and 
the evoked DRPs and P-^waves were recorded as in Fig* 21* The 
control responses to each volley alone are shown with the 
records below (single arrows). There are separate potential 
scales for the DRPs and P-waves, but all have the same time 
scale. In B the sizes of the DRPs produced by the second volley 
were determined by subtraction of the control initial response 
from the combined response and plotted against the stimulus 
intervals* The broken line shows the size of the DRP produced 
by the second volley alone. It is seen that at about 21 msec 
facilitation gives place to depression. (From Eccles, Schmidt 
and Willis, 1963b)*
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FIG, 23♦ Spatial summation of presynaptic inhibition of mono­
synaptic EPSPs, The plotted points give the percentage 
depression of the monosynaptic EPSPs in a PI raotoneurone at 
various intervals after conditioning by 13 (ST + PDP) Group I 
volleys as indicated on the baseline. The arrows labelled PDP 
and ST each give the mean values of six separate measurements 
of the EPSP depressions by 13 PDP and by 13 ST volleys respec­
tively at a test interval of 40 msec, the lengths of the vertical 
lines indicating the respective range of the measurements.
(From Eccles, Schmidt and Willis, 1963b)•
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FIG, 24 . P o s t- te ta n ic  p o te n t ia t io n  o f  DRPs and P-waves. In  A 
and B the c o n tro l (CON) t r a c e s  show th e  P-waves and DRPs pro­
duced by a s in g le  Group I  v o lle y  in  PBST and PDP nerves re sp ec ­
t i v e ly .  The p-waves a re  above th e  DRPs and a re  shown in v e rte d  
w ith  p o s i t iv i ty  upwards. A c o n d itio n in g  te ta n u s  o f 300/sec fo r  
15 sec was g iven  a f t e r  the  c o n tro l re c o rd s  in  A and B and the  
subsequent t ra c e s  were recorded  a t  th e  in d ic a te d  in te r v a ls  in  
seconds a f t e r  th i s  te ta n u s .  Note th a t  th e re  a re  d i f f e r e n t  tim e 
s c a le s  f o r  A and B. The v o ltag e  s c a le  i s  fo r  the  DRP reco rd s  
o n ly . In  C the s iz e s  o f  th e  DRPs a re  p lo t te d  b e fo re  and a f t e r  
th e  co n d itio n in g  te ta n u s  as in d ic a te d  by th e  symbols. (From 
E c c le s , Schmidt and W il l i s ,  1963b).
A
<CON 300 d 30c/sec 100
FIG, 25 ,  R e la tio n sh ip  between frequency o f te ta n iz a t io n  and 
s iz e s  o f  DRPs and P-waves. In  A and B, P-waves and DRPs a re  
shown in  response  to  b r i e f  t e t a n i  o f  th e  PBST nerve a t  maximal 
s t r e n g th  f o r  Group I  and a t  th e  freq u en c ie s  p e r second in d ic a ­
te d  fo r  each of th e  t r a c e s  o f  DRPs and a s so c ia te d  P-^waves, which 
a re  above th e  DRPs and w ith  in v e r te d  p o la r i ty  ( p o s i t iv i ty  up­
wards) . The f i r s t  re co rd  (CON) i s  th e  resp o n se  a f t e r  a s in g le  
s t im u lu s . The upper p o te n t ia l  s c a le  i s  f o r  P-waves, th e  lower 
f o r  th e  DRPs, b u t th e  same tim e sca le  o b ta in s  fo r  a l l  re c o rd s .
In  C th e  maximum v a lu es  o f th e  DRPs (open c i r c l e s )  and P-waves 
( f i l l e d  c i r c le s )  a re  p lo t te d  a g a in s t th e  freq u en c ie s  fo r  th e  
s e r ie s  th a t  a re  p a r t ly  i l l u s t r a t e d  in  A and B, (From E c c le s ,
Schmidt and W il l is ,  1963b).
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FIG, 2 6 . D orsal ro o t p o te n t ia l s  produced by prolonged re p e t­
i t i v e  s t im u la t io n . A to  D a re  DRPs produced by r e p e t i t iv e  
s tim u la tio n  o f  th e  PBST nerve a t  230 /sec and a t  a  s tre n g th  
maximal f o r  Group I ,  th e  d u ra tio n s  being in d ic a te d  by re fe re n ce  
to  th e  tim e s c a le s ,  th a t  below B o b ta in in g  f o r  A-C and E-G, 
w hile  th e  slow er tim e sc a le  i s  f o r  D and H. E to  H g iv e  
s im ila r ly  th e  DRPs produced in  response  to  PDP s tim u la t io n .
The time c o n sta n t o f  th e  a m p lif ie r  was 10 sec , and th e  same 
p o te n t ia l  s c a le  o b ta in s  fo r  a l l  re c o rd s . (From E c c le s , Schmidt 
and W il l is ,  1963b).
FIG, 27» Monosynaptic excitatory post-synaptic potentials 
(EPSPs) and spikes of a C type intemeurone (depth 2,3 mm) 
produced by single volleys of increasing size in SP nerve.
The lower traces show the intracellular records, the upper 
ones the cord dorsum potentials recorded at segmental 
level. Stimulus strength (relative to threshold as unity) is 
indicated for each record. Voltage calibration is for intra­
cellular recording only. The resting potential was -60 mV. 
Each record is formed by the superposition of several faint 
traces. (From Eccles, Kostyuk and Schmidt, 1962a) ♦
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FIG* 26. Extracellular recording (upper traces) from a D 
type interneurone (depth 2.5 mm) activated by single afferent 
volleys in cutaneous and muscle nerves. The lower traces are 
the cord dorsum potentials recorded at segmental level.
The nerve stimulated is indicated below each column, the stim­
ulus strength relative to threshold strength is given for each 
record, there being increasing strength from below upwards. 
Voltage calibration is for upper traces only. (From Eccles, 
Kostyuk and Schmidt, 1962a).
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FIG. 29. Extracellular records (upper traces in A - F) from
an intemeurone in the cuneate nucleus* The lower traces are 
the cuneate surface potentials* In A to C the intemeurone 
was activated by a single volley of four times threshold in 
the specified fore-arm nerves. D - F shows the response after 
1, 2 and 3 stimuli to the contralateral sensori-motor cortex. 
There are separate potential scales for the spike and surface 
recordings hut the same time scale obtains for all records#
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FIG , 30» E x t r a c e l lu la r  re co rd in g  (upper tra c e s )  from a D 
type  in te m e u ro n e  (dep th  2,15 mm) , The low er tra c e s  a re  th e  
cord dorsum p o te n t ia ls  a t  segm ental l e v e l ,  A shows th e  
response  to  t e ta n ic  s tim u la tio n  (265/seo) o f  PBST nerve w ith  
s tim u lu s  s tre n g th s  g iv en  r e la t iv e  to  th re s h o ld . In  B the  
s tim u lus s tre n g th  to  PBST was kep t c o n sta n t a t  2,15 T, ju s t  
maximal fo r  Group I ,  end v a rio u s  te ta n u s  freq u e n c ie s  were 
employed: numbers show freq u en c ies  in  c /s e c .  C shows th e
responses to  t e ta n ic  s tim u la tio n  (300/sec) o f d i f f e r e n t  m uscle 
nerves a t  a  much slow er sweep speed. The nerve and th e  s tim u lu s  
s tre n g th  r e l a t i v e  to  th re sh o ld  a re  in d ic a te d  on each re c o rd . 
Upper v o lta g e  c a l ib r a t io n  i s  fo r  upper tra c e  in  A, low er c a l i ­
b ra t io n  i s  f o r  upper t r a c e s  in  B and C. (From E c c les , Kostyuk 
and Schmidt, 1962a).
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FIG» 51« Schematic diagram illustrating the suggested pathways 
for presynaptic inhibitoiy action on cutaneous primary afferent 
fibres. Three cutaneous afferent fibres (C) and three muscle 
afferent fibres (one Group lb, one Group II and one Group III 
fibre) with their monosynaptic endings on interneuxones are shown* 
D symbolizes the interneurones which have presynaptic connexions 
on cutaneous primary afferent fibres. For further explanation 
see text.
FIG, 52» Schematic diagram illustrating the suggested pathways 
for presynaptic inhibitory action on a primary afferent fibre 
(la fibre) of an extensor muscle by afferent volleys in la (from 
annulospiral (AS) endings on muscle spindles) and lb (from Golgi 
tendon organs) afferent fibres of a flexor muscle* EM and FM 
symbolize extensor and flexor motoneurones, while D is the inter­
neurone that has presynaptic connexions on primary muscle afferent 
fibres. For further explanation see text. (From Eccles, Kostyuk 
and Schmidt, 1962a)•
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FIG» 55« Schematic diagram illustrating the approximate 
relative sizes and the situations of the two polarizing elec­
trodes on the spinal cord. In addition, there are indicated 
the changes in membrane potential which occur in different 
parts of a primary afferent fibre and a motoneurone when there 
is a polarizing current with the dorsal electrode positive. The 
positive signs (+) indicate an increase in membrane potential 
(hyperpolarization), the negative signs (-) a decrease (depol­
arization) • Reversing the direction of the polarizing current 
would result in the opposite membrane potential changes. (From 
Eccles, Kostyuk and Schmidt, 1962c)»
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FIG, 54» Changes in  sp ik e  p o te n t ia l  am plitude which th e  
p o la r iz in g  c u rre n ts  produce in  a prim aiy  a f f e r e n t  f i b r e .  The 
a f f e r e n t  f ib r e  from th e  nerve to  f le x o r  d ig itorum  longus 
m uscle was impaled by a  m ic ro e lec tro d e  a t  about 0 ,5  mm below 
th e  cord  dorsum. In  A th e  am plitude o f th e  sp ike  p o te n t ia l  
in  mV i s  p lo t te d  a g a in s t th e  s iz e  and d i r e c t io n  o f  th e  p o la r ­
iz in g  c u rre n t ( in  mA). The s ig n s  (+) and (-) in d ic a te  th e  
p o la r i ty  o f the  d o rs a l  su rfa c e  e le c tro d e  ( c f .  F ig . 33). B 
g iv e s  specimen reco rd s  o f th e  s e r ie s  p lo t te d  in  A. The c u rre n t 
s tre n g th  is  in d ic a te d  f o r  each re c o rd  o f B, CON be ing  th e  con­
t r o l  response in  th e  absence o f a p o la r iz in g  c u r r e n t .  The 
upper t ra c e s  in  B a re  th e  i n t r a c e l l u l a r  sp ike  p o te n t i a l s ,  th e  
low er th e  cord  dorsum p o te n t ia l s  reco rded  in  th e  v i c i n i t y  o f  
th e  m icro e lec tro d e  a t  th e  zone o f th e  d o rsa l  ro o t  e n try . The 
v o lta g e  c a l ib r a t io n  i s  f o r  th e  i n t r a c e l l u l a r  re c o rd s  o n ly .
(From E cc les , Kostyuk and Schmidt, 1962c).
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FIG. 5 5 . E x c i ta b i l i ty  changes which p o la r iz in g  c u rre n ts  produce in  
th e  prim ary a f f e r e n t  f ib r e s  w ith in  th e  m otoneuronal n u c leu s . In  A, 
B, C th e  s tim u la tin g  e le c tro d e  was in s e r te d  in  th e  gastrocnem ius 
motor nucleus a t  le v e l  and th e  an tid ro m ic  sp ik es  evoked by p u lses  
o f 0*2 msec d u ra tio n  were reco rd ed  in  th e  nerve to  th e  gastrocnem ius 
m uscle, th e  v e n tr a l  ro o ts  being  sev e red . A shows specimen reco rd s  
o f the  monophasic sp ik es  in  th e  nerve th a t  a re  produced by stim u lu s  
p u lses  d riv en  by the  v o lta g e s  in d ic a te d  on each re c o rd  and g iv e s  th e  
c a l ib ra t in g  s e r ie s  (CALIB) fo r  e v a lu a tin g  the  e x c i t a b i l i t y  changes 
in  B and C ( c f .  F ig , 2) , I n  B th e  s tim u lu s  s tre n g th  was kep t coi>- 
s ta n t  a t  85 V and th e  cord  was p o la r iz e d  w ith  c u r re n ts  as in d ic a te d
in mA, CON being the control value. The polarity of the dorsal 
electrode is also indicated. The approximate excitabilities 
during the polarization are shown in C as percentages of the con­
trol value that is observed in the absence of polarization. Each 
point is the mean value of a certain number of measurements 
(written in each circle) , the range of which is indicated by the 
vertical bars. The range of the control value is not indicated 
since it was smaller than the diameter of the circle. D shows 
records from a similar experiment where the peripheral recording 
was from the nerve to flexor digitorum longus muscle. In this 
experiment the cord was polarized with current pulses of 300 msec 
duration. The stimulus strength was the same for all records and 
the currents are indicated. The stimulus was given about 250 msec 
after the onset of the current. (Prom Eccles, Kostyuk and Schmidt 
1962c).
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FIG« 56 . E ffe c t o f an im pulse in  a f ib r e  on th e  prim ary a f f e r e n t  
d e p o la r iz a tio n  (PAD) o f  th a t  f i b r e .  As shown by th e  upper t r a c e s  
th e  PAD produced by fo u r PBST v o lle y s  in  a SMAB a f f e r e n t  f ib r e  was 
su b jec ted  to  th e  a c tio n  o f  an im pulse in  th a t  SMB f ib r e  a t  th e  
tim es marked by the arrow s in  A to D, w hile  F shows th e  response  
to  th e  im pulse a lo n e , only  a  sm all a f te r - d e p o la r iz a t io n  (ADP) being  
seen because th e  sp ik e  was too  la rg e  and b r i e f  a t  th a t  a m p lif ic a tio n  
and sweep speed . Lower tr a c e s  in  A to  F g iv e  th e  cord  dorsum 
p o te n t ia l s .  V oltage c a l ib r a t io n  i s  fo r  th e  upper t r a c e s  o n ly , b u t 
tim e sca le  i s  common to  b o th . In  G a re  shown t r a c e s  o f th e  PAD and 
o f th e  in te ra c t in g  im pulse a t  the  fo u r p o s it io n s  o f A to  D. The 
c o n tro l t ra c e  o f  the  PAD i s  th e  mean of s e v e ra l re c o rd s  and th e  
v a rio u s  o th e r  t ra c e s  in  G were a d ju s te d  to  th i s  re c o rd  up tc  the  
tim es o f  the  in te rp o la te d  sp ik es  th a t  a re  in d ic a te d  by th e  sh o rt 
v e r t i c a l  l in e s .  (From E c c le s , Schmidt and W il l i s ,  1963c).
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FIG, 3 7 , In flu en ce  o f a f te r -h y p e rp o la r iz a t io n  on prim ary 
a f f e r e n t  d e p o la r iz a tio n  (PAD) and i t s  in te r a c t io n  w ith  a f t e r ­
d e p o la r iz a t io n  (ADP) as in  F ig . 36, The PAD was produced in  a  
Q, l a  f ib r e  by fo u r FBST Group I  v o lle y s , and a l l  re sponses a re  
shown w ith  ac and dc a m p lif ic a t io n , th e  o n se ts  of th e  ac t r a c e s  
in  A, B, C g iv in g  re fe re n ce  p o te n t ia ls  fo r  th e  dc . A fte r  the  
reco rd s  o f A -  C had been taken  the  Q nerve was te ta n iz e d  a t  300/ 
sec and maximal Group I  s tre n g th  f o r  15 s e c . T his produced a 
h y p e rp o la r iz a tio n  o f  about 3 .5  mV during  th e  responses D,E and F, 
which had d ec lin ed  to  2 .5  mV f o r  G to  I .  As in d ic a te d  above th e  
th re e  columns, A, D, G show th e  PAD a lo n e , B, E , H, th e  ADP 
a lo n e , and C, F, I ,  the  in te r a c t io n .  The ac reco rd s  were a t  
s l ig h t ly  h ig h e r a m p lif ic a tio n  th an  th e  dc as shown by th e  two 
p o te n t ia l  s c a le s .  Same tim e s c a le  fo r  a l l  re c o rd s . (From 
E c c le s , Schmidt and W ill is ,  1963c).
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FIG. 58. In flu en ce  o f prim ary a f f e r e n t  d e p o la r iz a tio n  on the  
sp ike  p o te n t ia l .  A ll responses were reco rded  on two tr a c e s  as 
in  F ig . 37, but th e  dc t r a c e  was a t  a  much lower a m p lif ic a tio n  
so th a t  the  summits of th e  sp ike  p o te n t ia ls  o f th e  Q f ib r e  were 
seen . The ac t r a c e  i s  in v e rte d  so th a t  d e p o la r iz a tio n  i s  down­
w ards. Record A shows th e  Q, a c t io n  p o te n t ia l  a lo n e , w h ile  in  B 
i t  i s  superim posed on th e  PAD produced by fo u r  PBST v o l le y s .  C 
and D g ive  s im ila r  reco rd s  im m ediately a f t e r  c o n d itio n in g  by a 
Q te ta n u s  of 300/sec f o r  15 sec , and E , F were taken  about 10 
sec l a t e r .  Rote th e  se p a ra te  p o te n t ia l  s c a le s  f o r  th e  ac and 
dc reco rd s ; same tim e sc a le  th ro u g h o u t. The cap ac itan ce  compen­
s a tio n  o f  the cathode fo llo w er was n o t used in  o rd e r to  avoid  a  
h igh  n o ise  le v e l  on th e  s e n s i t iv e  t r a c e s .  C onsequently , th e re  
i s  some lo s s  o f the ab so lu te  a c tio n  p o te n t ia l  am p litude .
(From E c c le s , Schmidt and W il l is ,  1963c) •
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FIG. 39« Changes produced in  monosynaptic EPSPs by p o la r iz in g  
c u rre n ts  a c ro ss  th e  c o rd . I n t r a c e l lu l a r  re co rd in g  from a raoto- 
neurone su p p ly ing  the  a n te r io r  b icep s  m uscle, th e  membrane 
p o te n t ia l  b e in g  -70 mV* A g iv es  specimen reco rd s  of EPSPs under 
th e  in flu en c e  o f in c re a s in g  c u r re n ts  in  bo th  d ir e c t io n s ,  as 
in d ic a te d  in  mA fo r  each re co rd , CON being  the c o n tro l v a lu e .
Each reco rd  c o n s is ts  o f many superim posed f a in t  t r a c e s .  The upper 
t r a c e s  a re  th e  i n t r a c e l lu l a r  re c o rd s  which are d i f f e r e n t ia te d  in  
th e  low er t r a c e s .  In  B the am plitudes of th e  EPSPs in  mV fo r  th e  
s e r ie s  p a r t ly  shown in  A a re  p lo t te d  a g a in s t the d i r e c t io n  and 
s tre n g th  o f  th e  p o la r iz in g  c u r r e n ts .  C shows th e  am plitudes o f 
th e  a n tid ro m ic a lly  evoked SD-spike measured under the in flu en ce  
of the  same c u r r e n ts .  In  A, B and C, (+) and (-) in d ic a te  the  
p o la r i ty  o f  th e  d o rs a l  e le c tro d e . V oltage c a l ib r a t io n  in  A i s  fo r  
i n t r a c e l l u l a r  re c o rd in g  o n ly . (From E c c le s , Kostyuk and Schmidt, 
1962c).
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h ' l G . 40 . E ffe c t o f  Nembutal on p re sy n ap tic  in h ib i t io n  o f  a  mono­
sy n ap tic  r e f l e x .  The p re sy n ap tic  in h ib i to iy  a c tio n  o f fo u r  PBST 
v o lle y s  (maximum fo r  Group I  and a t  300/sec) was te s te d  by mono­
sy n ap tic  re f le x e s  evoked to  two GS v o lle y s  a t  1 ,5  msec in te r v a l  and 
reco rded  m onophasically  in  th e  v e n tr a l  ro o t ( c f .  E c c le s , Schmidt 
and W il l is ,  1962a)• The f i r s t  GS v o lle y  i t s e l f  evoked no r e f l e x ,  
bu t m erely f a c i l i t a t e d  the re f le x  evoked by th e  second v o lle y  th a t  
was maximum fo r  Group X, The s iz e s  of th e  t e s t  r e f le x e s  were c a l ­
c u la te d  as pe rcen tag es  o f th e  c o n tro l r e f le x  and p lo t te d  a g a in s t  
th e  te s t in g  in te r v a ls  (1 s t  PBST volley to  2nd GS v o lle y ) to  g iv e  th e  
in h ib i to r y  cu rv e s . At each te s t in g  in te r v a l  th e re  were s e v e ra l  
superimposed t r a c e s  and the means were p lo t te d .  Open c i r c l e s  g iv e  
i n i t i a l  curve in  d ece reb ra ted  u n an aes th e tized  p re p a ra t io n , and con­
d i t io n s  fo r  o th e r  curves a re  in d ic a ted  in  the  key to  th e  sym bols. 
(From E cc les , Schmidt and W il l is ,  1963a).
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41. Action of Nembutal on the presynaptic inhibition of 
monosynaptic reflexes and on dorsal root potentials and P-waves.
In A the inhibitory curves were determined as in Pig. 40, except 
that the testing monosynaptic reflex was produced by a single GS 
volley. The open circles were obtained in an animal lightly 
anaesthetized by Nembutal, and the filled circles about 20 min 
after the application of 0.5^ Nembutal to the surface of the 
cord. In B are records of DRPs (upper traces) and P-waves (lower 
traces) evoked by afferent volleys in muscle and cutaneous afferent 
volleys as indicated, both before (upper row) and after (lower row) 
the application of Nembutal, The muscle afferent volley was set up 
by four stimuli at 300/sec and just above maximal for Group I, while 
the single stimuli evoking the cutaneous afferent volleys were at 
four times threshold strength. The B records were taken concurrently 
with those plotted in A. Note separate potential scales for DRPs and 
P-waves. (Prom Eccles, Schmidt and Willis, 1963a).
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FIG. 42. E f fe c t  o f  p ro g re ss iv e  heavy dosage o f Nembutal on th e  
resp o n ses  evoked by a s in g le  cu taneous v o lle y  (PT)• As in d ic a te d  
th re e  resp o n ses  a re  shown from above downwards: in te rn e u ro n a l
sp ik e  p o te n t ia ls  e x t r a c e l lu la r ly  reco rded  and superim posed on 
n e g a tiv e  fo c a l p o te n t ia ls ;  DRPs; and P-waves. The su cc e ss iv e  
in trav en o u s  in je c t io n s  o f Nembutal a re  in d ic a te d ,  and th e re  was 
a t  l e a s t  5 min* a f t e r  each in je c t io n  i n  o rd e r  to  allow  f o r  th e  
f u l l  development o f the  a n a e s th e tic  a c t io n .  The c a t  was on 
a r t i f i c i a l  r e s p i r a t io n  throughout*  At th e  tim e o f  th e  second 
in je c t io n  the  in te rn eu ro n e  observed i n i t i a l l y  was l o s t ,  p robably  
on account o f movement, b u t from th e  in je c t io n  o f 21 mg/kg on­
wards th e  same in te rn eu ro n e  was under o b se rv a tio n  u n t i l  th e  d eath  
o f  th e  c a t ju s t  a f t e r  the  l a s t  re c o rd . Note th e  in c re a s e  in  
a m p lif ic a tio n  fo r  a l l  3 t r a c e s  a f t e r  the  i n je c t io n  o f 21 mg/kg, 
b u t th e re  was no c a l ib r a t io n  fo r  th e  P-waves from th e n  on . Upper 
tim e sca le  i s  fo r  a l l  in te rn e u ro n a l re c o rd s , th e  low er f o r  a l l  
DRPs and P-waves. (From E c c le s , Schmidt and W il l i s ,  1963a).
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FIG. 43« E f fe c t o f  C h lo ra lose  and Thiam ylal sodium ( S u r i ta l )  on 
th e  DRPs and P-waves. A. The DRPs were evoked by a s in g le  v o lle y  
in  PT nerve , and in travenous in je c t io n s  o f C h lo ra lo se  were made as 
in d ic a te d . Note th e  changes in  sweep speed and in  a m p lif ic a t io n  
a f t e r  th e  f i r s t  th re e  re c o rd s . B. The DRPs and P-waves were 
produced by the  s p e c if ie d  a f f e r e n t  in p u ts .  Responses a re  shown 
b e fo re  and a t  the  s p e c if ie d  tim es a f t e r  th e  in trav en o u s  in je c t io n  
o f  14 mg Thiam ylal sodium/kg a t  the  arrow . Note th e  change in  tim e 
s c a le  in  o rd e r to  d isp la y  th e  f u l l  d u ra tio n  o f  th e  slowed re sp o n se s . 
A ll DRPs have th e  same p o te n t ia l  s c a le ,  as a lso  a l l  P-waves.
(From E c c le s , Schmidt and W ill is ,  1963a)*
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FIG. 44» A ction  o f s try c h n in e  on th e  p re sy n ap tic  and post sy n ap tic  
in h ib i t io n  o f monosynaptic re f le x e s  and on d o rsa l ro o t p o te n t ia l s .
In  A th e  p re sy n ap tic  in h ib i to ry  curves were determ ined as  in  F ig .  40 , 
b u t w ith  fo u r PDP v o lle y s  in h ib i t in g  a monosynaptic r e f le x  evoked by 
two v o lle y s  a t  1*5 msec in te r v a l  in  PBST. At the  same tim e th e  p o s t-  
sy n ap tic  in h ib i to ry  curves were determ ined in  B, one Q, Group I  a f ­
fe re n t  v o lle y  in h ib i t in g  the m onosynaptic r e f le x  produced by a PBST 
v o lle y . A bscissae  g ive  in te r v a ls  between th e  e n try  o f th e  Q, v o lle y  
in to  th e  cord and the  o n se t o f th e  t e s t in g  r e f le x  sp ik e . In  bo th  A 
and B the open c i r c l e s  p lo t  in h ib i to ry  cu rves b e fo re  and the  f i l l e d  
c i r c l e s  a f t e r  th e  same in trav en o u s in je c t io n  o f 0 .1  mg/kg o f s try c h ­
n in e . In  C the DRPs were produced as in  F ig . 41 by the  muscle and 
cutaneous a f f e r e n t  v o lle y s  in d ic a te d . The tra c e s  of th e  second row 
were o b ta in ed  a f t e r  the in je c t io n  o f  0 .1  mg/kg s try c h n in e  and o f th e  
th i r d  row a f t e r  a fu r th e r  in je c t io n .  Same v o lta g e  and tim e s c a le  fo r  
a l l  re c o rd s . The e f fe c t  of th e  same in je c t io n  o f s try c h n in e  i s  shown 
in  A, B and th e  second row o f G. (From E c c le s , Schmidt and W il l i s ,  
1963c) .
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FIG. 45« A ctio n  o f P ic ro to x in  on the  p re sy n ap tic  and p o s tsy n a p tic  
in h ib i t io n  o f monosynaptic r e f le x e s  and on d o rsa l ro o t p o te n t ia l s  
and P-waves. The p re sy n ap tic  in h ib i to ry  curves i n  A were o b ta in ed  
as in  F ig . 40, the  symbols showing the r e la t io n s h ip  o f th e  su cces­
s iv e  in trav en o u s  in je c t io n s  o f P ic ro to x in  to  th e  in h ib i to r y  c u rv e s . 
The DRPs and P-waves in  B were ob ta ined  c o n cu rren tly  w ith  th e  
in h ib i to ry  curves in  A. Note the  se p a ra te  p o te n t ia l  s c a le s  f o r  th e  
two types of re sp o n se s , b u t a l l  have the same tim e s c a le .  The f i r s t  
responses in  B were o b ta in ed  2 .5  hours a f t e r  th e  second Nembutal 
in je c t io n  of F ig . 40, and th e  broken l in e  in  A g iv e s  the  approxim ate 
p re sy n ap tic  in h ib i to ry  curve a t  t h i s  tim e . The f i r s t  P ic ro to x in  
in je c t io n  was th en  givei)4nd th e  two s e r ie s  o f  DRPs and P-waves were 
a t  10 min and 70 min a f t e r  t h i s  in je c t io n ,  th e  open c i r c l e  curve in  
A being a lso  a t  th i s  tim e . The subsequent in je c t io n s  o f  0 #2 and 0 *4 
Kg/k-g in  B were ma.de a t  85 and 100 min a f t e r  th e  f i r s t ,  th e  f i l l e d  
c i r c l e  curve in  A being ta k en  10 min a f t e r  th e  th i r d  in j e c t i o n .  The 
f i n a l  in je c t io n  of 1.0 mg/kg was made 115 min a f t e r  th e  f i r s t ,  the 
subsequent DRPs and P-waves and th e  (+) curve being  ta k e n  5 to  10
min later and the open squares ID min later still. C shows the 
action of successive intravenous injections of Picrotoxin on the 
postsynaptic inhibitoiy curve which is plotted as in Fig. 44B 
except that the abscissal scale is for volley intervals. The 
symbols relate the inhibitory curves to the injections. C was 
recorded in a different experiment from A and B.
(From Eccles, Schmidt and Willis, 1963a).
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FIG , 46. A ction  o f  Nembutal and P ic ro to x in  on th e  p re sy n ap tic  
in h ib i t io n  o f m onosynaptic r e f le x e s  and a lso  on DRPs and P - 
waves, A shows p re sy n ap tic  in h ib i to iy  curves o b ta in ed  a s  in  
F ig . 40. The open c i r c l e s  g iv e  the c o n tro l curve and th e  o th e r  
symbols the  curves a f t e r  the  su ccess iv e  in je c t io n s  as in d ic a te d . 
I t  w i l l  be n o tic e d  th a t  th e  in h ib i to ry  curves a re  not p lo t te d  
a f t e r  eveiy  in je c t io n  th a t  i s  in d ic a te d  on th e  DRP re c o rd s . The 
DRPs have the  same v o ltag e  s c a le  th roughout as a lso  th e  P-waves 
w ith  the  low er v o lta g e  s c a le .  A ll  re co rd s  have th e  same tim e 
s c a le .  (From E c c le s , Schmidt and W il l i s ,  1963a) #
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4?»  P resy n ap tic  in h ib i t io n  o f monosynaptic r e f le x e s  t e s t e d  
in  r e la t io n s h ip  to  drugs a f f e c t in g  c h o lin e rg ic  synapses. In  A th e  
p re sy n ap tic  in h ib i to r y  curve was o b ta in ed  as  in  F ig . 40, bu t w ith  
th e  t e s t in g  monosynaptic r e f le x  evoked by two FDHL-P1 v o l le y s .  As 
shown by the symbols, th e  p re sy n ap tic  in h ib i t io n  was v i r t u a l ly  
u n a ffe c ted  by in trav en o u s in je c t io n s  o f a tro p in e , e s e r in e  and DHE 
(d i-b y d ro -b e ta -e iy th ro id in e )  . In  the  same experim ent (B) an a n t i ­
dromic v o lle y  in  L? VR e x e rted  a  re c u rre n t in h ib i to iy  a c t io n  (v ia  
itenshaw c e l l s )  on th e  m onosynaptic r e f le x  produced by two PBST 
v o lle y s  in  VR (open c i r c le s )  . The in je c t io n s  o f  a tro p in e  and 
e se r in e  probably  in c reased  t h i s  in h ib i t io n  ( f i l l e d  c i r c l e s ) ,  b u t ,  
as would be expected , i t  was com pletely  suppressed  by th e  DHE 
(c ro s s e s ) .  (From E c c le s , Schmidt and W il l i s ,  1963a)#
A r tD D
FIG. 48« The e f f e c t  o f Nembutal on th e  d o rs a l  ro o t responses 
evoked by d o rsa l ro o t (DRP) o r  v e n tr a l  ro o t (VR-DRP) s tim u la tio n . 
I s o la te d  hem isected to ad  sp in a l co rd . A shows specimen reco rd s  o f 
a DRP (upper tra c e s )  reco rded  in  th e  9 th  d o rsa l ro o t and produced 
by a  s in g le  a f fe re n t  v o lle y  o f fo u r tim es th re sh o ld  in  th e  8 th  
d o rs a l  r o o t .  The lower t r a c e s  show th e  in te g ra te d  r e f le x  d ischarge  
reco rded  from th e  8 th  v e n tra l  ro o t .  The numbers in d ic a te  th e  tim e 
in  min a f t e r  th e  s t a r t  o f  a 0 .0 Vfo Nembutal a p p l ic a t io n ,  00N being  
th e  c o n tro l  re c o rd . B corresponds to  A b u t th e  p o te n t ia ls  were 
evoked by a  supramaximal stim ulus to  th e  9 th  v e n tra l  r o o t .  In C, D, 
E v a r io u s  param eters (see  symbols) o f  th e  DRP, VR-DRP and VRR a re  
p lo t te d  a g a in s t the  d u ra tio n  o f  th e  Nembutal a p p l ic a t io n .  P o te n t ia l  
s c a le  in  A i s  fo r  the  DRPs o n ly . Note th e  d i f f e r e n t  tim e s c a le s  fo r  
A and B.
16min
Paraldehyde
100msec
10min
I I 1 I I I II
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•  VR-DRP size NORMAL
O ORP half decay
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FIG. 49 . The e f f e c t  o f  P a ra ld eh y d e  on th e  DRP, VR-DRP and 
VRR re c o rd e d  and p lo t te d  a s  i n  F ig .  48 . I s o la te d  hem isected  
to a d  s p in a l  c o rd . The arrow s in  C in d i c a te  th e  b e g in n in g  
and th e  end o f th e  P ara ld eh y d e  a p p l i c a t io n .
C T  U  C D
330 sec
FIG. 50 , The e f f e c t  o f  d i - e th y l - e th e r  on th e  DRPs (upper 
tra c e s )  and v e n tra l  ro o t re f le x e s  ( in te g ra te d  re c o rd s , lower 
tra c e s )  produced and recorded  as in  F ig , 48 , I s o la te d  hemi- 
sec ted  toad  sp in a l cord.CON were the  c o n tro l re c o rd s . The 
e th e r  c o n ce n tra tio n  was 50 mgc/o in  A, 150 mg$ in  B and 300 mg°Jo 
in  0 and B, The numbers in d ic a te  th e  tim e in  seconds a f t e r  
th e  a p p lic a t io n  o f e th e r .  A, B, C were taken  c o n secu tiv e ly  
w ith  15 min in te r v a ls  in  n o m a l R inger between each a p p lic a ­
t io n ,  D one hour a f t e r  C, V oltage c a l ib r a t io n  i s  f o r  th e  
DRP tra c e s  on ly .
Strychnine
FIG, 51 , The e f f e c t  o f s try ch n in e  on th e  v e n tra l  and d o rsa l 
ro o t responses recorded  as in  F ig , 48 , I s o la te d  hem isected 
to ad  sp in a l co rd . S try ch n in e , 0 ,01 mg^, was ap p lied  fo r  15 
min 2 hours b e fo re  th e  reco rd s  o f A -  C were ta k en , A shows 
in  th e  upper t r a c e  a DRP and in  the lower tra c e  a VRR recorded  
a f t e r  s t im u la tio n  o f a neighbouring  d o rs a l  ro o t ,  B corresponds 
to  A b u t DRP and VRR occurred  w ithout p rev ious s t im u la t io n , C 
was a lso  recorded in  the absence o f s tim u la tio n  and shows rh y th ­
m ic a lly  g en era ted  "spontaneous'1 DRPs, V oltage c a l ib r a t io n  in  B 
i s  f o r  th e  DRPs o n ly .
o
o
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FIG» 52. The e f f e c t  of P ic ro to x in  on th e  DRP (low er graph) 
and VRR (upper graph) recorded  and p lo t te d  as in  F ig . 48. 
Is o la te d  hem isected toad  s p in a l c o rd . P ic ro to x in  0 .0 1 $  was 
ap p lied  between the  a rrow s. The s iz e  o f th e  VRR i s  p lo t te d  
in  a r b i t r a r y  u n i t s .  Note change o f time s c a le  a f t e r  40 m in.
F IS . 55« The e f f e c t  o f n e u tra l  amino a c id s  on th e  DRP and VRR 
recorded  as in  F ig . 48. I s o la te d  hem isected toad  sp in a l co rd . 
The amino a c id s  were g iv e n  in  a  c o n c e n tra tio n  o f 2 x 10 M* 
Three drops o f th i s  s o lu t io n  were in je c te d  in to  th e  inflow  o f 
th e  tro u g h . They mixed w ith  th e  same amount o f  Ringer so th a t
a slug  o f s o lu tio n  co n ta in in g  an amino a c id  in  a co n ce n tra tio n
-2of 10 M flowed p a s t th e  p re p a ra tio n  f o r  4 to  6 seconds. The 
numbers on th e  reco rd s  in d ic a te  th e  tim e in  seconds a f t e r  th e  
a p p l ic a t io n . In  A ^ -am ino -bu ty ric  a c id  (GABA) was g iv en , in  
B v-am ino-propane-su lphonic ac id  (GAPS) and in  C glutam ic a c id  
(G lu t .) .  V oltage s c a le  i s  f o r  the  BRPs o n ly . Same sp in a l cord 
p re p a ra tio n  as in  F ig . 54 .
:oV  15 fV 30 /\ 60/v ,M/src- , / ^ j  v *,/v
F
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FIG. 54. E x c i ta b i l i ty  changes in  prim aiy  a f f e r e n t  f ib r e s  
produced by v a rio u s  n e u tr a l  amino a c id s .  I s o la te d  hem isected 
toad  s p in a l  co rd . A p latinum  e le c tro d e  was used to  s tim u la te  
th e  9 th  d o rs a l  ro o t ju s t  a t  i t s  en tran ce  in to  the s p in a l  cord  
and th e  an tid rom ic sp ike  was recorded  m onophasically from th e  
p e r ip h e ra l  end o f  the same d o rsa l ro o t .  A shows an tid rom ic  
sp ik e s  produce! by in c re a s in g  s tre n g th  o f  s tim u la tio n  a s  in d i­
c a te d . T h is  s e r ie s  served  a s  c a l ib r a t io n  f o r  th e  e v a lu a tio n  of 
th e  e x c i t a b i l i ty  changes ( c f .  F ig .  2 ) .  In  B -  F the s tim u lu s  
s tr e n g th  was kept c o n s ta n t a t  850 mV. In  D -  F amino a c id s  
(same symbols as in  F ig* 53) were g iv en  in  th e  c o n c e n tra tio n  and 
w ith  th e  technique d e sc rib ed  in  F ig . 53. In B pure R inger s o l -
ution was applied and in fete C the Ringer solution contained 
100 mM MCI. The full time courses of the excitability changes 
partly shown in C - F are plotted in G. Each curve is the 
average of 3 to 5 identical applications. In H the excitability 
changes produced in the 9th dorsal root by a conditioning volley 
in the 8th dorsal root are plotted as ordinates against the 
interval between the conditioning volley and the test stimulus 
as abscissae. Same spinal cord as in Fig. 53.
FIBRES G IV IN G FIBRES R E C E IV IN G
FIG, 55« Diagram showing types of afferent fibres which 
depolarize cutaneous fibres and Group la and lb fibres of 
flexor and extensor muscles. The afferent fibres which 
produce the depolarization are listed in the left column. 
The relative amount of depolarization contributed by each 
is approximately indicated by the width of the arrows.
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